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Although many molecular gases, upon striking a clean metal surface, 
dissociate into their atomic constituents and are strongly bound to that 
surface almost as rapidly as they impinge on it, in some special cases 
dissociation and adsorption is measurably slow, implying the existence of a 
barrier to interaction* We have studied one such systems the dissociation 
of methane and some of its isotopes on a clean rhodium crystal» The aim of 
the work has been to probe the nature of the elementary excitations which are 
important in bringing about dissociation and subsequent adsorption» In this 
study molecular beam techniques and field emission microscopy were combined*
In this way excitations of the gas and the crystal could be separated; in 
addition cleanliness of the surface of crystal could always be ascertained»
It has been found that excitation of the gas alone is sufficient to 
bring about reaction with a clean rhodium surface» The barrier to dis- 
sociation of CH^, determined from the dependence of reaction rate upon gas 
temperature, is 7o0 kcal/mole (29 kj/mole)» Isotopically substituted methanes 
react less rapidly than normal methane; dissociation of CH^B^ occurs only 
«¿1/3 as rapidly, while the reaction of CB^ is less than 1/10 as fast»
The results are well described by a model invoking molecular 
adsorption, of the methane molecule, with concomitant equilibration of its 
translational energy, followed by dissociation of those molecules which have 
sufficient vibrational energy to extend the H~H distance beyond its normal 
value of l078^e
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1CHAPTER I 
INTRODUCTION
Although molecules in the gas phase are bound together with energies 
of several electron volts, on impinging upon a metal crystal most simple 
molecules rapidly dissociate into their atomic constituents and are strongly 
bound to the crystal surface» Almost nothing is known about the elementary 
excitations of the gas-solid system that might be important in bringing about 
dissociation and subsequent chemisorption. The work reported here is an 
attempt to probe what role the excitations of the gas phase play in the 
process of dissociation and adsorption.
Not all molecules dissociate immediately on striking a metal sur­
face; some dissociations proceed measurably slowly, implying the existence of 
a barrier to dissociation. It is the nature of this barrier we are interested 
in studying. By populating excited states of the molecule, we should be in 
principle able to study the changes in the rate of reaction as a function of 
the particular excitation of the gas. An analogous probe of the role of the 
solid is not feasible; we do not have any simple technique for specifically 
stimulating low energy excitations, and no attempt of this sort has been made. 
Our effort in this study has therefore been entirely concentrated upon study­
ing the role of the gas. In this exploratory study, we have taken only the 
first steps toward defining the processes important when a molecule loses 
its molecular identity at a surface.
Simple hydrocarbons are among the more interesting gases which 
exhibit a barrier to dissociative adsorption on metals. They are simple
2enough to be amenable to study under reasonable conditions. At the same time, 
they can serve at least in a qualitative way as an introduction to the 
problems likely to be encountered in one of our important technologies-- 
catalysis. For our work we have chosen to study methane and its isotopes,, 
interacting with the noble metal rhodium. This system was selected because 
of prior indications in the literature that decomposition of methane on 
group VIII metals involved a small energy barrier. Rhodium appeared interesting 
as a typical noble metal, of high catalytic reactivity, yet probably amenable 
to study under well defined conditions.
In order to study the effect of excitation of the gas, independent 
of any excitation of the surface, we have resorted to a molecular beam 
technique. This allows us to control separately the temperature of the 
crystal and the gas, so that the role of thermal excitations of the gas can
be defined. The rate of adsorption to be expected for methane judging from
-3the literature was less than 10 of the rate for a gas which rapidly dis­
sociates. This imposed very severe conditions on the experiments. Background 
gases in the vacuum system, as well as impurities in the molecular beam, must 
be kept to a level at which they cannot compete with this slow process. The 
technique for following the rate at which the surface is populated must be 
suitable for use under the ultra-high vacuum conditions necessary to insure 
absence of competing processes. Also, it cannot by itself stimulate the 
interaction we want to study. Field emission microscopy has been selected to 
meet these requirements. It has the advantage of being simple, reasonably 
sensitive, and at the same time providing some indication of the initial 
cleanliness of the solid, which is vital to any well defined surface study.
3In the next chapter we will outline some of the more important 
facts about the phenomenology of gas-solid reactions related to this study, 
as well as about reactions in gases, concerning which considerably more is 
known» The rudimentary theory necessary to interpret our field emission 
measurements will be presented as part of the description of the experimental 
methods employed here, in chapter III. It is important^ however, at this point 
to indicate the basis of our work. As a start to establishing the nature of 
the excitation process in the decomposition of a molecule at a metal crystal, 
we have explored the effects of thermal excitation of the gas. The effect 
of temperature upon the rate R of a chemical reaction occurring over an 
energy barrier is traditionally represented by R = Aexp(-E./kT). Over the 
limited range of temperatures generally studied, and certainly in our own 
work, a semi-logarithmic plot of the rate against the reciprocal of the 
temperature yields a straight line. The slope of this graph known as an 
Arrhenius plot gives -E^/k, where is customarily referred to as the acti­
vation energy, k is just Boltzmann’s constant, and A is the pre-factor, which 
provides a measure of the frequency with which attempts are made to surmount 
the activation barrier.
It is most important to note the significance of the experimentally
1determined activation energy E « As first pointed out by Tolman, the acti­
vation energy E^ is the difference between the average energy of those 
molecules which react in unit time, and the average energy of all molecules. 
Just by measuring the temperature dependence of the rate of molecular frag­
mentation at a surface as outlined in chapter IV we can obtain a qualitative 
idea about the important excitations involved. The threshold for reaction, 
which is really more interesting, is not necessarily the same as the activation
4energy, although related to it. The last chapter of this thesis is therefore 
devoted to an analysis of the experimental results, from which it is inferred 
that vibrational excitation of the methane molecule is effective in causing 
dissociation at the surface.
5CHAPTER II
REVIEW OF SURFACE AND GAS PHASE PROCESSES
There have been no studies reported to date which attempt to 
elucidate the elementary excitations important in molecular dissociation and 
subsequent binding at crystal surfaces. There has even been disagreement, 
until fairly recently, over the existence of gas-solid systems that exhibit 
barriers to chemisorption. Nothing is known about the details of interactions 
between gases and crystals which result in chemical reaction. However, 
recently progress has been made in understanding the interactions involved in 
gas phase reactions, and we will therefore draw on this material as a guide.
In this chapter we review the data in the literature on activated 
chemisorption, that is on dissociative adsorption requiring passage over a 
barrier, with special attention to the work on methane. Since our work will 
involve in an important way a comparison of the behavior of different isotopes 
of methane, we also examine a few prior studies concerned with comparing 
adsorption of isotopic molecular gases. Secondarily, we also review recent 
work in gas phase kinetics, dealing with the relative importance of vibra­
tional and translational excitation in the reactants, we do this in the hope 
of learning by analogy from the experimental and theoretical approaches taken.
Activated Dissociative Adsorption
Although early investigators were of the opinion that all chemi-
,  2 .  .sorption was activated, it is now known that this view is incorrect: The
6early experiments were performed on samples with heavily contaminated sur­
faces, often on metal powders covered with oxide films, The first extensive 
measurements of rapid chemisorption, as adsorption involving energy charges
comparable to those of chemical bonds is known, for molecular gases on clean
3metals were reported by J. K, Roberts. He measured the adsorption of 
hydrogen, nitrogen and oxygen on tungsten filaments cleaned by heating to a 
high temperature in a reasonable vacuum, Through many investigations under­
taken in the past forty years, non-activated chemisorption has been found to 
be the general rule on clean metal surfaces,^ Chemisorption has even been 
observed at cryogenic temperatures.^
There are, however, several well documented cases of activated 
adsorption on metals; on semiconductor surfaces this may indeed be the common 
behavior. We will present here a short summary of the recent work, most of 
which has been performed on reproducibly clean surfaces.
The reaction between hydrogen activated by contact with a hot
6surface and sodium films has been examined by Anderson and Ritchie, They 
used a hot tungsten filament to produce hydrogen atoms and electronically, 
vibrationally, and translationally excited hydrogen molecules. They were 
able to measure an activation barrier to adsorption of ^ 1 kcal/mole,
Although they speculate about the relative importance of the various excited 
species of hydrogen, they were unable to say anything definitive about the 
mechanism of adsorption.
By far the most definitive study of activation in dissociative 
adsorption is the work of Eley and Rossington on hydrogen adsorption on 
copper which is summarized in their review,^ On wires, foils and evaporated
7films they found, that hydrogen dissocfatively adsorbed at the surface with a
binding energy of 8 kcal/mole. Despite the existence of a strongly bound
atomic state, there appeared to be an activation barrier to this state of
'•'-’9 kcal/mole. The only way to appreciably populate the chemisorbed state is
by dissociating the hydrogen molecules in the gas phase.
An extensive set of measurements on the interaction of atomic and
molecular beams of oxygen with single crystals of silicon and germanium has
8 -10been reported by Madix. Their major emphasis was on the rates of
desorption of GeO and S10 as a function of surface and beam temperatures.
Since the evolution of the oxide into the gas phase is a relatively compli­
cated process » involving adsorption, surface diffusion and reaction, followed 
finally by desorption, the measured rates for the total interaction do not 
clearly define the rate limiting step. They were, however, able to deduce 
the rate of adsorption of Q0 as a function of beam and substrate tempera­
tures.^^ The rate (reflected by the percentage of incident molecules which 
were adsorbed, the sticking coefficient) was independent of surface tem­
perature. The dependence on the temperature of the 0^ beam gave a very
small activation energy of <— .15 kcal/mole and an Arrhenius pre-exponential
-2for the sticking coefficient of --'3x10 ; both varied slightly from plane to
plane and between silicon and germanium. The presence of a barrier to 0^ 
adsorption was indicated by the much larger sticking coefficients in the range 
from 0.3 to .6 for atomic oxygen, more than an order of magnitude larger than 
found for the molecule.
Another study of oxidation using molecular beam techniques has been 
reported by Smith and Palmer«^ They were interested in the oxidation of 
deuterium on a platinum (ill) surface, once again a complicated system. The
8rate of production of D20 was found to be proportional to
Pd * °P0° ' ^e x Pl- * 6 (k ca l/m o le )/R ‘]^ ] exp[ -12 . (k c a l/m o le )  /RTpt]
where T was the temperature of the molecular beam (~1200 K) and T„. the d 2 r Pt
temperature of the metal surface ("•-'700 K) , They suggest that the dependence 
of the rate on the beam temperature reflects a barrier of 1,8 kcal/mole to 
dissociative adsorption of deuterium. Again there are some reservations about 
the significance of these results, as the experiments were performed in vacua 
of 10  ^ torr on platinum, a material from which it is notably difficult to 
remove impurities. In fact, an unequivocal indication of the mechanism by 
which the adsorption process proceeds does not emerge from any of these 
experiments.
Chemisorption of Methane
Over the past two decades there have been a number of studies of 
the dissociative adsorption of methane on various metal surfaces. Many, 
unfortunately, were performed under less than optimal conditions; vacua of 
10  ^ torr, ill-characterized thin film samples of unknown cleanliness, and 
lack of attention to vital details. Despite this, there is one inescapable 
conclusion-methane does not. react rapidly with metals. It is for this 
reason that our own work has been concentrated upon the behavior of this 
molecule.
12The first published result was for the methane-nicke1 system. 
Working with evaporated nickel films in a vacuum system which employed
9greased stopcocks, Kemhall determined an activation energy of 11 kcal/xnole 
from measurements of the rate of adsorption at different temperatures. In 
this work, as in almost all such studies, gas and surface temperatures were
kept the same. Kemball subsequently reported similar investigations on
13tungsten. He found methane readily adsorbed on tungsten at 273 K. At a
methane pressure of .02 torr, 4xlQ^ molecules were adsorbed on 10 mg of
film. Heating the film to 345 K following adsorption caused a pressure rise,
interpreted as hydrogen evolution.
14Somorjai reports that on the (100) plane of platinum there was 
no measurable adsorption of methane at surface temperatures as high as 975 K 
and methane pressures of 10  ^ torr. On chromium films (deposited at a
_ g
pressure of 3x10 torr) R. w. Roberts observed rapid initial adsorption
followed by a slow, temperature independent, adsorption at both 300 K and
373 K. Although it is not possible to quantitatively determine from his
published results what is meant by rapid, it is interesting that the number
of methane molecules adsorbed is as much as an order of magnitude smaller
than for hydrogen or oxygen on films prepared in the same manner.
Frennet and Lienard have studied methane adsorption on 
16several metal films. Only on molybdenum did they attempt quantitative 
measurements at different temperatures. From these they infer an activation 
energy which increased from ^ 3 kcal/xnole at zero coverage to ^ 6 kcal/xnole 
at a surface coverage of one monolayer. On palladium, rhenium, tantalum and 
titanium, chemisorption was also slow, indicating the existence of a barrier 
to adsorption. The same was true on rhodium. If we assume that the rate of 
adsorption is dictated entirely by the need to pass over a barrier, then 
Frennet and Lienard!s data suggest an activation energy on the order of
10
10 kcal/mole. For copper,, silver, and most surprising, nickel, adsorption
was not observed even at elevated temperatures (950 K for Cu, 675 K for Ag,
»2and 375 K for Ni) and pressures of 2x10 torr. There is not the disagreement
here with Kemball that might at first appear. At methane pressures of
-2~i0 torr, Kemball reports adsorption on nickel only above 415 K.
Two other studies, one by Anderson, the other by Suhrmann, appear
to stand in direct opposition on the question of chemisorption of methane on 
17 18nickel. * Both were done in well baked ultrahigh vacuum systems. Anderson 
and collaborators studied adsorption on single crystal samples by measure­
ments of low energy electron diffraction and photoelectric work function 
changes. They found rapid adsorption at room temperature and low pressures. 
Suhrmann also measured the change in the photoelectric work function, combined 
with observation of the change in resistance of polycrystalline evaporated 
films exposed to methane. He reports slow adsorption, increasing in rate and 
extent with temperature. From his data shown in figure 1 it is possible to 
calculate an activation energy* 7.1+.4 kcal/mole. The disagreement between 
the two studies is easily explained. Anderson admits, somewhat belatedly, that 
they left the filament in their LEED gun on during the time the methane was 
in the sample chamber. This, of course, would produce hydrogen atoms and 
molecules as well as various excited species of methane, which could then 
interact rapidly with the surface under study.
Even concerning the well characterized metal tungsten there is some 
disagreement. Madey and Yates studied physical adsorption as well as chemi­
sorption of methane on tungsten, using flash desorption, retarding potential
19work function measurements, and field emission. They observed a physically 
adsorbed state at 110 K, held with a binding energy of 6.9 kcal/mole. In
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Fig, 1. Kinetics of chemisorption of CH4 on nickel films as measured by
Suhrmann (reference 18). Rates deduced from resistance changes* AR0 
Activation energies: upper curve, EA = 6.8+,05 kcal/mole; lower
curve, = 7.4+.1 kcal/mole.
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quite careful measurements at 300 K they saw no dissociative adsorption, 
directly contradicting Kemball, By maintaining the sample at 1200 K in a 
pressure of 10 torr of methane they were able to get considerable 
carburization of the surface. Their conclusion, then, is that dissociative 
adsorption on tungsten is activated just as it is on several other transition 
metals »
20This conclusion disagrees with Rye and Hansen, who studied the 
flash desorption spectra of methane which had been adsorbed on polycrystalline 
tungsten wires at 95 K. They presumed, since they saw hydrogen in the 
desorption spectra, that the methane was dissociatively adsorbed on the 
surface. It is more likely that the hydrogen was produced in the act of 
flashing the sample to a high temperature and that the methane was initially 
molecularly adsorbed at the wire surface,
A very recent study of methane adsorption has just been published by
21Hellwig. He observes chemisorption of methane on tungsten by field emission 
at 298 K. In this work, however, the vacuum conditions were not the best; 
measurable adsorption from the background was observed. Furthermore, gas 
pressure during measurements of the field emission characteristics appear to 
have been unusually high (10 torr); this could cause dissociation of the 
gas by electron bombardment, thereby masking any lack of reactivity of 
ordinary molecules.
There appears to be some disagreement as to whether methane does 
or does not rapidly adsorb on metals; this disagreement is more apparent than 
real„ On nickel Frennet and Lienard differ with Kemball, but they worked in 
different temperature ranges, Anderson left incandescent filaments on
13
resulting in fragmentation of the gas. Only for tungsten is the situation 
in real doubt.
When the experiments which are obviously in error are dismissed 
there emerges the conclusion that on most metals which have been studied, 
the dissociation of methane is measurably slow. This suggests that for 
methane there is a potential barrier to dissociation at the surface. The 
all important question that has not even been touched, however, is what 
excitation of the system is involved in bringing about dissociative adsorption? 
Is vibration, rotation, or possibly translation important, or do low lying 
electronic excitations play a role. Research into gas phase kinetics has 
recently been aimed at this particular problem, and it is therefore useful 
to examine some of this work.
Isotope Effects in Adsorption
Little is known concerning rates of adsorption for different
isotopic species on the same crystal surface, which will be a matter of
22interest in connection with our own work. In 1934, Pace and Taylor 
reported the rate of adsorption of hydrogen and deuterium on nickel, chromium 
oxide, and zinc oxide-chromium oxide catalysts. The surfaces, of course, were 
not clean, but the rates were at least reproducible. The interesting result 
of their work was that the rates measured for and D2 were the same. They 
concluded that the zero point energy difference between H2 and D2 is not 
important to chemisorption; if it were it should produce an eight-fold 
difference in the rate. They also rule out the rate of arrival of the gas 
molecules as the rate-determining step; the mass difference produces a 1,4 
to 1 ratio in the rates of arrival.
14
The only other comparison of isotopic substances in activated 
surface reactions reported to date is that of McAllister and Hansen.23 Their 
study of ammonia decomposition on three planes of tungsten included measure­
ment of the evolution of hydrogen from the crystal surface as a function of 
surface temperature and ammonia pressure. The activation energy was found 
to be '■'-'24 kcal/mole on the (111) and (100) planes, and <~33 kcal/mole on the 
(110) « Observations of ND  ^decomposition were made at only one temperature, 
and activation energies are therefore not available. However, the absolute 
value of the rate was fifty percent larger for ND^ than for NH^ » Since 
ammonia decomposition is a relatively complicated process, involving 
adsorption, surface diffusion and reaction, and desorption, the rate limiting 
step does not emerge from the measured rates and activation energies.
A study of isotope effects in non-activated adsorption has been
r\ a
reported by Tamm and Schmidt. Their study of and D2 dissociative 
adsorption on the (100) plane of tungsten included a comparison of the stick­
ing coefficients of the two isotopes. The ratio of the sticking coefficients
3 /s was measured to be in the range 1,3 to 1.6 for 77 K and 300 K9 for
2 2
all coverages of the surface up to one monolayer. They conclude that the
rate of trapping is controlled by the formation of chemical bonds, which
fpredicts a mass dependence of m 2.
Specific Excitations in Molecular Reactions
Inasmuch as there is no detailed work available on molecular
dissociation at a metal, crystal upon which we can draw in connection with our 
own studies, it is useful to examine what has been done in a related field--
15
the kinetics of simple reactions occurring entirely in the gas phase. In
O Ctheir review of elementary gas reactions Spicer and Rabinovitch point out 
that early indoctrination toward classical collision dynamics and the 
relative ease of performing experiments caused chemists to overemphasize the 
role of translational excitation in "driving" bimolecular gas reactions.
We will here examine only the roles of translational and vibrational excita­
tion in such reactions; rotational (<*-,01 kcal/mole) and electronic 
(-100 kcal/mole) excitations are well out of the range of our concern 
(l“i0 kcal/mole) for the activation energies observed in molecular dis­
sociation at a surface.
Recently supersonic molecular beams have enjoyed wide use in 
examining the role of translational excitation. In a supersonic beam the 
velocity can be much higher than in a thermal beam. The effective rotational 
and vibrational temperatures are much lower than in a thermal beam.
Molecular beam studies probing the importance of translational excitation in 
gas reactions have been uniformly negative» the rate of reaction was found 
not to be a function of translational energy, A clear indication of the
negligible contribution of translational excitation was provided by the super- 
sonic molecular beam study of Jaffe and Anderson, Translationally excited 
HI molecules in a supersonic beam were allowed to interact with thermal DI.
In this way they were able to study the interaction of HI and DI at center 
of mass energies 2,5 times the previously reported activation energy of 
44 kcal/mole. No reaction was observed. The widely held belief that trans­
lational energy has at least an equal role with vibrational energy in 
causing reactions is apparently not true, at least for this case.
16
The possibility that vibrational excitation of the reactants could 
play a significant role in overcoming the barrier to reaction was almost 
totally ignored by gas phase kineticists in the period 1920-1950« The
observation of vibrationally excited products in several exothermic reactions
28led Polanyi, by application of the concept of microscopic reversability,
to realize that vibration in the reactants in an endothermic reaction should
29greatly increase the rate«, Bauer was among the first to conclude from 
direct experiments that vibration was rate limiting. Using shock tube 
techniques to study the isotope exchange in H2+D2 and HD+HD he observed that 
only molecules in the v~3 vibrational state or higher participated in the 
reaction.
Further support to the view that vibration in the reactants
30enhances reactivity was lent by the work of Kirsch and Polanyi» They 
studied the reaction F+HCl -> RF+Cl by effusing HCl from an oven into a 
chamber filled with fluorine atoms. The vibrational states of the products 
were observed by measuring the intensity of the infrared emission spectra of 
the products. From their measurements Kirsch and Polanyi infer that vibra­
tional excitation of the reactants increases the rate by a factor of five 
or more.
31Chupka et al. observed that for the ionic reaction
H2 +He -* HeH +H, the cross section increased by a factor of as much as
+twenty-five for vibrationally excited Bb, , produced by photoionization. The 
equivalent amount of translational energy in the reactants increased the 
cross section by only a factor of two. These results, in that they are for 
an ionic reaction, may be of limited utility in understanding the molecular 
rates, however.
17
The most conclusive study to date of the role of vibrational
effects in promoting chemical reaction made use of laser excitation of the
32reactants. Brooks et al,, in a crossed molecular beam apparatus, excited a 
beam of HCl molecules with an HCl laser and counted the number of KCl 
molecules resulting from interaction with a beam of potassium atoms in the 
reaction HCl+K KCl+H. The reaction of HCl (in the first excited state) 
was 100 times more rapid than that of HCl in the ground vibrational state.
Attempts to place these observations on a sound theoretical footing 
are too numerous to relate here. We shall mention only the work of Polanyi
and Wong, who examined the dynamics of the general exchange reaction
33A+BC -* AB+C* Using a semi-empirical potential function to describe the 
interactions, they first calculate the energy surface which characterizes 
the reaction. For this surface they then estimate the rate at which a 
classical particle crosses the barrier from reactants to products« They 
established that if the barrier to reaction was in the entrance valley of 
the potential energy hypersurface, as is found to be the case for exothermic 
reactions, translational rather than vibrational excitation increases the 
rate. With the barrier in the exit valley, as in endothermic reactions, 
vibration is more important.
Bimolecular gas phase reactions all seem to obey PolanyiBs general 
dictum that endothermicity implies the importance of vibration. Whether or 
not dissociative adsorption at a surface, which is always exothermic, behaves 
the same awaits determination of the relative importance of translation and 
vibration in causing dissociation.
18
The possibility that vibrational excitation could play a significant
role in chemical reactions received prominence at a much earlier date in
another area of kinetics-“the study of unimolecular reactions» These are
processes, such as for example the decomposition of ^ 0  into and 0, in
which the rate is directly proportional to the number density of molecules
in the gas, This linear dependence on concentration indicates that the
limiting step is the decomposition of molecules, previously excited in
3 4collisions with others, as first pointed out by Lindemann long ago» 4 Two
fundamentally different theoretical approaches have been developed to treat
these reactions» Both depend centrally upon the assumptions that it is the
vibrational modes of the molecule that are primarily involved in the reaction.
The theory generally accepted now which best accounts for all the experimental
35phenomena bears the names of Rice Ramsperger Kassel and Marcus» >- In this 
approach, it is assumed that the energy in molecules that have been 
collisionally excited is statistically distributed at all times, with free 
exchange between all degrees of freedom. The rate of decomposition is then 
obtained, by the standard techniques of transition state theory (which are 
briefly outlined in chapter V), as the rate at which the system passes over
an energy barrier, A more dynamical view of the reaction has been developed
35by N. B, Slater. In this approach, the dynamics of atom motion in a 
molecule are treated in the harmonic approximation. That is, each non- 
interacting normal mode is assumed to have an energy appropriate to a 
harmonic oscillator at equilibrium. Decomposition pccurs when some appropriate 
!,bondn in the molecule exceeds a critical distance. The important physical 
idea is that this distance is achieved when different normal modes come into 
just the right phase relation to one another to produce this unusual extension.
19
Although this theory does not appear to do justice to all the complicated
effects encountered in actual reactions, it is interesting to note that it
has a close connection to other physical problems. Although elaborated and
popularized by N, B. Slater9 the dynamical theory of reactions was first
35proposed to account for dissociation in high polymers by Pelzer, ‘ a student
of Wigner, More recently, this approach has also been adopted to problems
36of atomic diffusion in crystals. We will also have recourse to this 
theory., and it will be presented further in chapter V.
20
CHAPTER III 
EXPERIMENTAL METHODS
The experimental techniques adopted for these studies were chosen 
to allow the most straightforward determination of the rates of dissociation 
and adsorption, and to assure that the observations would not be perturbed by 
the measurement process. To be able to characterize the effect of excitations 
of the gas separate from possible excitations of the crystal, a molecular 
beam is used whose temperature is controlled independent of the temperature 
of the crystal. The choice of technique to follow the changing surface 
coverage is a difficult one. Ascertaining the initial cleanliness of the 
crystal surface is of the utmost importance; this can be determined using 
either Auger spectroscopy or field emission microscopy. During the 
adsorption, however, Auger spectroscopy, or any other technique which depends 
on hot filaments in electron guns is not acceptable, in that the gas 
molecules could be excited and dissociated at the filament. In contrast, 
photoelectric and field emission measurements of the work function, generally 
do not perturb the adsorption rate. We have therefore selected field 
emission microscopy for our measurements; it allows us to assess at least 
qualitatively the initial surface cleanliness and the subsequent rates of 
adsorption with one and the same instrument. In this chapter we will 
summarize those features of the field emission of electrons from metals and 
the formation of molecular beams that are particularly applicable to our 
experimental problems. Thereafter we will describe the general features of 
the ultra-high vacuum system designed and built for these studies, as well as 
the methods employed in preparing specimen surfaces.
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Field Emission of Electrons from Metals 
Theory of Field Emission
The emission of electrons from metals under the influence of high
aelectric fields (<~.3 V/A) was first successfully explained by Fowler and 
39Nordheim in 1928. Their theoretical work was followed nine years later by
40Muller’s invention of the field emission microscope, which has vitally 
advanced surface studies, and is crucial in this work as well»
In discussing field emission, Fowler and Nordheim assumed free 
electrons obeying Fermi-Dirac statistics within the metal, a metal vacuum 
interface without irregularities, and a classical image potential. The one­
dimensional potential for electrons which underlies this work is shown in 
figure 2. The electron flux through this barrier is
CO
J = j  N(T,e)D(F,e ,0)de (1)
-  CO
where N(T9e) is the rate at which electrons with energy of motion e directed 
perpendicular to the surface strike the barrier from the left and D(Fsê 90) 
is the transmission coefficient for tunneling through the barrier.
Using the free electron approximation for N(T,e) and the WKB 
approximation for D(F,e,0), the expression for the current, in amperes, becomes
40generally known as the Fowler-Nordheim equation, A is the emitting area
2 k ,in cm ; f and g are slowly varying dimensionless functions of 3,79 F /0.
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Fig* 20 Potential for electrons at the surface of a metal (0 =4.5 eV) under 
action of an electric field of „3 V/A (from reference 38)0
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Figs 20 Potential for electrons at the surface of a metal (0 =4^5 eV) under 
action of an electric field of .3 V/A (from reference 38)»
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0 and F are measured in electron volts and volts/A, respectively. The field
is not directly measured; it is a function of the emitter geometry and the
applied voltage. The Fowler-Nordheim equation can be written in terms of
38measurable quantities, the emission current and the applied voltage, as
■ij = a  exp(-Btf3/2/V). (3)
V
It is remarkable that this simple theory describes the voltage-current
characteristics of field emission sources quite accurately. In experiments
41over seven orders of magnitude of current Dyke and Dolan find agreement 
between experiment and theory to within the experimental uncertainties, 
roughly 15%,
Using field emission, the progress of adsorption of atoms or
molecules on a metal can be followed by the changes in the work function.
Gas adsorbed at a surface generally becomes polarized. The mechanism
involved is not clear for layers held only by van der Waals forces. However,
for stronger interactions, typical of chemically bound layers there is
38generally a transfer of electrons across the interface. The dipole layer 
formed at the crystal surface in this manner changes the shape and height 
of the potential barrier through which the electrons tunnel in the field 
emission process. The work function change in absolute units will be
A 0 = 4nPn (4)
where n is the surface density of adsorbed atoms, and P is their effective
14 2dipole moment while adsorbed. One tenth of a monolayer (10 atoms/cm )
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of atoms with dipole moments of »1 Debye (an electron transfer of .1 
electron per atom through a distance of 1A) will cause a work function 
change of .04 eV, almost one percent of the value typical for clean metals.
2It is seen from equation (3) that the slope of the plot of ln(i/V ) 
-1 3/2against V is proportional to 0 . Since [3» the proportionality factor
which includes a term for the geometric shape of the emitter, is generally 
not known, the absolute value of the work function can not be determined. 
However, if a value is assumed for the clean surface work function from 
thermionic or other absolute emission measurements the changes in the work 
function during adsorption may be readily deduced from changes in the slope 
of the F-N plot. In our work we wish to measure only the rates of the 
adsorption process; we therefore do not need to know the absolute value of 
the work function, only its rate of change. In evaluating our measurements,
we have assumed a work function of 5.0 eV for rhodium. This is based on the
42recent work of Pierce and Spicer who measured photoemission from freshly 
evaporated thin films in ultrahigh vacuum.
Even more sensitive to adsorbates than the work function is the 
current. In figure 3 is indicated the change in the emission current from 
Fowler-Nordheim theory as a function of the change in the work function. The 
initial work function for the calculation was taken as 5 eV, 8 as 2000, and 
the applied voltage as 1000 volts. The current changes by thirty percent for 
a ,05 eV change in the work function, which is just barely detectable. In 
our studies we have been concerned with determining very small rates of 
adsorption; for this reason we have largely relied on measurements of the 
current change.
25
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Fig. 3. Variation of field emission current with electron work function, 
according to Fowler-Nordheim theory. &> = 5.0eV, V = 1000 volts and
a = 2000. °
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Field Emission Microscopy
The application of the field emission of electrons to the study of
surfaces, and to processes occurring at surfaces, has been developed in large 
40part by Mdller. In order to obtain the fields necessary for emission
~8currents on the order of 10 amperes, the emitter must be electrochemically
0etched to a needle shape, with radius of curvature at the tip of ~2000A. The 
field emitted electrons are accelerated toward a fluorescent screen a dis­
tance R from the tip on which an enlarged image of the surface, showing varia­
tions in the emission intensity, is displayed. The magnification of the 
image created in this way is of the order R/r, if r is the tip radius. For
standard arrangements of tip and screen, the magnification is typically on
6 °the order of 10 . The resolution is typically ~20A, limited by the velocity 
of the electrons transverse to the emitter-screen direction» Therein lies 
the power of the technique. Events occurring on almost an atomic scale can 
be observed by following changes in the emission pattern.
The hemispherical surface of the emitter consists of many crystal 
planes; the more closely packed tend to have a higher work function than the 
rougher ones. This variation gives rise to the alternating dark and bright 
regions typical of a field emission pattern. Such emission patterns for 
rhodium, the material of specific interest here, are shown in figure 4.
Rhodium samples for field emission experiments were produced by 
two different techniques: resistive heating to high temperatures (— 2000 K), 
and field evaporation. The criteria for cleanliness as judged by field 
emission are largely qualitative. For thermally formed tips the emission 
intensity must vary only gradually from one orientation to the next. Also,
27
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Fig, 4, Field emission images of rhodium. a. (Ill) oriented, thermally 
formed; b. (100) oriented, thermally formed; c, (111) oriented, 
formed by field evaporation; d. (100) oriented, field evaporated.
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the general appearance must remain constant with continued heating. For 
field evaporated tips the demands are similar; the pattern must remain the 
same as more surface atoms are stripped away at higher fields.
Thermally formed tips are easier to make; whereas, field evaporation 
subjects the crystals to possibly destructive stresses. There is, however, 
always the possibility with thermally formed tips that impurities will be 
driven from the bulk to form a stable layer at the surface. Field evaporated 
samples on the other hand have the same impurity ratio at the surface as in 
the bulk as preparation occurs at low temperatures (77 K), at which diffusion 
either through the bulk or over the surface is not important. The relative 
merits of thermally formed as against field evaporated rhodium samples for 
our field emission measurements will be discussed in chapter IV.
The advantages of field emission microscopy are several; An almost 
atomic view of the surface is provided; the surface of field evaporated 
samples will be as free from impurities as the bulk; extremely small changes 
in the coverage of the surface are measurable; and the technique is quite 
simple. There are disadvantages, too; Thermally formed samples cannot 
always be trusted to be clean, and the electric fields (>.lv/A) necessary to 
probe emission may perturb the adsorbate. This latter difficulty has been 
shown, by Delchar and Ehrlich, not to be significant in the case of nitrogen 
adsorbed on tungsten.^ They found field emission and contact potential 
measurements (a zero field method) gave the same work function changes on 
several planes. This possibility must always be kept in mind, nevertheless, 
especially in examining gases weakly held at a surface.
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The Field Emission Microscope
The field emission tubes used in this study and shown in figures 5
and 6 are of the simplest design. The rhodium sample was spot welded to a
„25 mm diameter tungsten loop. The loop is mounted by a friction fit to
2.3 mm diameter tungsten rods embedded in the bottom of a cold finger. This
made it possible to cool the sample to less than 10 K, by using liquid helium
vapor, or heat it resistively to incandescence. The inner surfaces of the
tube were coated with a transparent tin oxide film to prevent electrical
charging of the glass surfaces. A phosphor screen was deposited on the base
of the tube by dusting Willemite over the conducting coating. This screen
was put down on a thin film of concentrated phosphoric acid to act as a
binder, and the tube was then baked in air at 600 K.
2In both tubes a cold finger of 50 cm surface area was cooled to 
between 15 and 30 K during an experiment; this served to cryopump the 
molecular beam after it passed the sample. At these temperatures the 
equilibrium vapor pressure of methane is in the range 10 to 10 torr.
This cryopump. maintained the background pressure low enough that it did not
Ointerfere with the field emission measurements, less than 10 torr in the
-9first design, less than 10 torr in the second. During operation of the 
molecular beam, the impingement rate of background gas on the sample was 
measured to be an order of magnitude or more lower than the impingement rate 
from the molecular beam.
The second version of our field emission system differs from the 
first in incorporating features to minimize side reactions. Metal parts are 
minimized or shielded. To avoid electron stimulated desorption of gas from
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Gas Inlet
Fig* 6, Field emission tube with attached molecular beam source as used for
quantitative adsorption studies of CH2D2 and CD4. Source is now
equipped with one stage of differential pumping. Gate shuts off 
cryopump during current measurements.
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the cryopump surface during field emission measurements, a conductively 
coated paddle was added; this could be positioned in the pump lead between 
the field emission microscope and the cryopump, isolating the cryopump from 
the emission tube»
The alignment of the source with the field emission sample is 
crucial to the experiments. The molecular beam source,'therefore, as well as 
the vacuum envelope of the field emission microscope and the cryopump were 
all equipped with flat optical windows. To bring the beam source into line 
with the collimating hole as well as the rhodium sample, the following pro­
cedure was found useful. The source was illuminated with white light from 
below, clearly defining the aperture. By sighting through the cryopump it 
was then easy to position the tip,illuminated with red light, to bring it 
into coincidence with both the beam and collimator.
The requirements in the way of electronics for field emission 
measurements are minimal and are shown in figure 7. High voltage is provided 
by a CPS supply model 100P (0 to +30kV, 200 mV ripple) and measured with a 
CPS model 250 divider and a Fluke 895A differential voltmeter. The field 
emission current is determined by a Keithley model 602 electrometer capable
_ -14of measuring currents to the 10 A range.
Molecular Beam Source
The molecular beam source was designed to give the highest possible 
ratio of peak intensity to total throughput. This was necessary since only a 
few methane molecules striking the tip (on the order of 1 out of 10 )^ were 
expected to dissociate and be adsorbed. The theory of Giordmaine and Wang
33
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Fig« lo Electronics for field emission measurements. E-field electron
emitter; S-phosphor screen and conductive coating forming anode; 
A-Keithley model 610 electrometer; R1~200iyQ surge resistor; R2 
and R3-CPS 1000:1 voltage divider (R2-250ftös R3-250kQ) ; V-Fluke 
model 895 differential voltmeter; CPS model 100P power supply 
(0 to +30kVs 25QiAs 200mV ripple).
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i *» i  A Swas used in large part for these calculations. For the limit of free 
molecular flow, where the mean free path is much larger than both the 
capillary diameter a and the length of the capillary L the peak density is
2 -TT a n c
KO) ’ - f r -  i (5)
here n.Q is the molecular density at the high pressure end, and c is the
average molecular speed, VSkT/rrm.
The angular dependence in the limit of free molecular flow is
46taken from Ivanov and Troitskii* The approximations made by Giordmaine and 
Wang result in an intensity which does not fall off monotonically with 
increasing angle, as would be expected* The factor D(0) by which the peak 
intensity is to be. multiplied to give the intensity at an angle 0 with 
respect to the forward direction is obtained from the relations
3 5
D (6) " cos6{ 1- |(l-0.6f)[v- ^  0<6O
D(0) = cos6{0.6^ + A-(l-0.6fd} e>e ,
j TT ' L  V Q
( 6 )
where V = — -tan© and 0Q “ tan”1(™)*
For viscous flow L » X » a  and the intensity may be represented 
according to Giordmaine and Wang,^5 by
1(0) [ 2n cos20j o
1/2 ca 
TTCJ
- 2 1 lr 7 »
* ^ 1/2r ! / K *  a) J e x p ( - y  ) dydz (7)
a is the molecular diameter and
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2 3/v /2any 2
tan0cos1/20L1/2 ( 8)
This formulation gives an intensity which crosses the free molecular flow 
case at an unreasonably small ratio of A/L (<.2). The reason for this 
failing is most likely Giordmaine and Wang’s assumption that complete 
equilibration of the gas molecules occurs with the walls of the capillary 
on each collision. A purely ad hoc division of 1(0) by a factor of two for 
the viscous flow case moves the crossing point to \ «  L.
These formulations, with our modifications, were incorporated 
into a computer program that calculates the intensities in both the Knudsen 
and viscous flow regions as well as the total throughput. Estimates can be 
obtained for any combination of pressures, capillary lengths, or diameters, 
and for any number of concentric rings of capillaries in a capillary array.
The program is included in the Appendix.
Our objective was to maximize the ratio of intensity to throughput
, . . .  . . 14 -2 - 1while maintaining an intensity of >2x10 molecules cm sec . This intensity
is necessary so that a measurable amount of methane (~10 monolayer) be
adsorbed on the surface within ten or twenty minutes, given an assumed
efficiency for adsorption of 1 in 10^. Longer intervals would extend the
period of the experiment so that contamination of the crystal surface by
background could become a problem. Our calculations indicate that a one
millimeter diameter array of ten micron diameter capillaries, .5 millimeter
long is optimal. Such an array was obtained from Bendix. In figure 8 the
curves of beam intensity vs pressure are shown in the two approximations.
The multichannel array obtained from the Electro-Optics division 
of Bendix, which had an overall diameter of 6.4mm, was manufactured from a
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Fig. 8. Beam intensity as a function of pressure behind the source at a dis­
tance of 7cm from the source. Source is multichannel array of lQi 
capillaries, .5mm long arranged in a one mm diameter disc. Estimates 
based on equations (5) and (6) for Knudsen flow and equation (7) 
for viscous flow.
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borosilicate glass similar to Corning type 7052. Only a central region,
1 mm diameter, was etched through giving open capillaries in that area.
After positioning the disc inside a short piece of 7 mm tubing, type 7052, 
the tubing was shrunk down onto the disc making a strong, vacuum tight seal. 
The 7052 tubing was sealed, making the appropriate allowance for the different 
coefficients of expansion by interposing a section of type 3320 glass, to 
7 mm pyrex tubing.
As an alternative to the multichannel source a single one milli­
meter diameter capillary, 2.1 centimeters long, also was used. This source 
sacrifices a factor of two in intensity but is much easier to align than the 
multichannel source. Theoretical predictions of its intensity are shown in 
figure 9. Despite the several approximations made in the theoretical esti­
mates of intensity, our measurements of the relative intensity for the two 
different sources agreed with the predicted values within the experimental 
accuracy of ~107o. This is apparent from figures 16 and 17 and will be 
discussed further in chapter IV.
The actual design of the molecular beam sources used in this work 
can be seen in figures 5 and 6. The original model relied on a single 
capillary and had no differential pumping. During operation of the molecular
beam, even with cryopumping, the pressure in the field emission tube rose
-7 -9into the 10 torr range, dropping only to the 10 torr range after the
molecular beam was shut off. The improved version, which incorporated
either a single capillary or a multi-channel array, was provided with the
capability for differential pumping. In this way a large fraction of the
molecules that are directed off axis do not enter the experimental chamber.
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borosilicate glass similar to Corning type 7052, Only a central region,
1 mm diameter, was etched through giving open capillaries in that area.
After positioning the disc inside a short piece of 7 mm tubing, type 7052, 
the tubing was shrunk down onto the disc making a strong, vacuum tight seal. 
The 7052 tubing was sealed, making the appropriate allowance for the different 
coefficients of expansion by interposing a section of type 3320 glass, to 
7 mm pyrex tubing.
As an alternative to the multichannel source a single one milli­
meter diameter capillary, 2.1 centimeters long, also was used. This source 
sacrifices a factor of two in intensity but is much easier to align than the 
multichannel source. Theoretical predictions of its intensity are shown in 
figure 9. Despite the several approximations made in the theoretical esti­
mates of intensity, our measurements of the relative intensity for the two 
different sources agreed with the predicted values within the experimental 
accuracy of ~10%. This is apparent from figures 16 and 17 and will be 
discussed further in chapter IV,
The actual design of the molecular beam sources used in this work 
can be seen in figures 5 and 6. The original model relied on a single 
capillary and had no differential pumping. During operation of the molecular 
beam, even with cryopumping, the pressure in the field emission tube rose 
into the 10 7 torr range, dropping only to the 10  ^torr range after the 
molecular beam was shut off. The improved version, which incorporated 
either a single capillary or a multi-channel array, was provided with the 
capability for differential pumping. In this way a large fraction of the 
molecules that are directed off axis do not enter the experimental chamber.
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Fig. 9° Beam intensity as a function of pressure behind the source at a 
distance of 7 cm from the source. Source is a single capillary, 
2*1 cm long and with 1 mm inside diameter.
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The equivalent nitrogen pressure during an exposure sequence in this con-
-9figuration was never greater than 5x10 torr.
In order to allow heating of the beam a nichrome heater was wrapped 
around the capillary or capillaries which formed the beam, as well as around 
the tubing behind the capillaries., Thermal contact between the glass and 
the wire can never be made reliable. In operation, therefore, diffusion 
pump fluid (Dow-Corning 705) surrounds the heater and the source acting as a 
heat transfer agent. The temperature of the source was measured with a 
chrome1-alume1 thermocouple and compared with a junction at room temperature. 
Temperature variation was never more than + 2 K at the beam source. Ordinar­
ily the pressure behind the source was ~60p,.
Inasmuch as the mean free path for methane is somewhat less than 
1 mm at the pressures normally used behind the molecular beam source, 
temperature regulation is important only along the source itself and about 
1 cm of the supporting tubing behind the source. In this distance molecules 
collide with each other and the walls several times and thermal equilibrium 
can reasonably be assumed to be reached. To assure mixing and to reduce the 
degradation of the thermos tatting fluid, nitrogen gas was bubbled very slowly 
through the fluid whenever the heater was in operation.
Vacuum System
Our field emission tube and molecular beam source are just parts of 
an all glass ultrahigh vacuum system, constructed for this project and shown 
schematically in figure 10. The system consists of two parts, a gas handling 
manifold connected to the molecular beam source, and the field emission tube,
40
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Fig. 10. Schematic of ultrahigh vacuum system for adsorption studies.
Vi-Granville-Phillips type L one inch valve; V2 and V4“Granville“ 
Phillips servo valve series 213; G^, G2, G3 and G^-nickel getters; 
P.G.-Pirani gauge; B.A.G.-Bayard Alpert ionization gauge; G.B.- 
pyrex break seal flask; M.B.S.,-molecular beam source; F.E.M.-field 
emission microscope; C.F.-liquid helium vapor cold finger. Pump 
manifolds are 6 cm in diameter.
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each separately evacuated by a mercury diffusion pump equipped with a liquid 
nitrogen trap. The pumping speed at the entrance to the trap is estimated 
as 40 liters/sec by the manufacturer. The system is entirely bakeable to 
700 K. Pressures below the limit of the Bayard-Alpert ionization gauges 
(<10 ^  torr) are routinely achieved after two bakeouts, with intervening 
outgassing of all metal parts. During a standard experimental run (extend­
ing over a period of four or five hours) the changes in the field emission 
characteristics of the sample indicate an equivalent pressure of reactive 
gas amounting to less than 10 ^  torr.
In the gas handling manifold, a Granville Phillips type C valve
separates the Pyrex flask containing the gas under study from the main part
of the gas handling system. The latter is equipped with three nickel getters
in which films are freshly evaporated prior to each experimental run, and
Bayard-Alpert as well as pirani pressure gauges. The Pirani gauges were
type GAV-004 from CVC and were used with the CVC Autovac Pirani supply; the
Bayard-Alpert gauges were Westinghouse type WL5996, used with a standard
tube type supply. The nickel getters are designed to remove impurities from
the methane. Operated at 190 K, they do not chemisorb the methane at
pressures of several torr. Nickel films are reported^ to chemisorb all the
impurities expected in the methane samples, such as 029 C0S C02, and C2H6S
except nitrogen. At 190 K the concentration of physically adsorbed methane
is low enough (10 ^ molecules cm  ^at a pressure of 1 torr) that it does not
48block sites for chemisorption of the impurities. Furthermore, from the 
data in figure 1 on the chemisorption of CH^, it appears that little reaction 
between CH^ and the getter will occur at 190 K, even over periods of many 
hours. Throughout our work the getters have been maintained at this
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temperature when in contact with gas. The Pirani gauge is used to measure 
the pressure of methane in the gas handling manifold during experimental 
runs. The tungsten filament of the gauge runs at ~500 K so dissociation of 
the gas is minor. Any methane dissociated would in any event have its 
products removed by the getters. Measurement of the pressure with an ion 
gauge is not possible because of the certainty of dissociating a large 
fraction of the gas.
The pressure at the high pressure end of the molecular beam source 
is controlled by a Granville Phillips Automatic Pressure Controller servo 
valve interposed between the molecular beam source and the gas handling 
manifold. The servo valve is controlled by a second Pirani gauge. In the 
gas line between the servo valve and the molecular beam source is located a 
fourth nickel getter. This serves as a final stage for removing impurities; 
it is operated at 245 K, to avoid the possibility that excessive nitrogen 
impurities in the gas supply might cover all getters. Nitrogen molecules do 
not dissociatively chemisorb to nickel, but still have a rather high 
(~8 kcal/mole) binding energy; it does adsorb to monolayer coverage at 
190 K at ~1 torr but not at 245 K at ~ 6Qj,.
During operation of the molecular beam the pressure behind the 
source is kept constant (generally at ~60ji) by the servo valve. The output 
voltage of the Pirani measuring circuit (CVC type 3294B) not only is used to 
control the servo valve, but also is displayed against time on a chart 
recorder. From the pressure vs time data, the total number of molecules per 
square centimeter impinging on the crystal surface can be calculated. The 
computer programs used for this calculation are given in the Appendix.
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Field Emission and Gas Samples and Photography
Field emission tips were prepared from hard drawn .076 mm rhodium 
wire supplied by Sigmund Cohn Corp. A typical analysis, done by the Materials 
Research Laboratory of the Univ. of 111,, is listed in table 1. After spot­
welding a short piece (~1 cm) of the wire to the supporting tungsten loop,
TABLE 1
Mass Spectrographic Analysis of Rhodium Wire used 
in Field Emission Studies
Element3 bConcentration 
ppm, atomic
Element Concentration 
ppm, atomic
Na 1 Cr 8
Mg 8 Fe 70
Al 150C Z n ¿3
Si 20 R u 1
P 2 Pd 1
S 20C In 2
Cl 2 Ir 4K 3 Pt 2
Ti <,2 Pb ^6
aImpurities with 2:1 ppm.
1^
Accuracy is factor of three, 
cPossible contamination from previous sample.
the rhodium wire was electrochemically etched. Roughly five millimeters of 
the wire were immersed in a 50-50 by volume solution of 20% KCN and 12.5% 
NaOH. The wire was etched with a platinum counter electrode at 19V A.C. 
until the diameter at the surface of the solution had necked down to less 
than half the original value. The voltage was then reduced to 5V, and 
finally to 2V S as dissolution continued until the wire etched through and the 
end dropped off.
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The newly etched field emission tip was rinsed in de-ionized water 
and ethanol and sealed into the vacuum system» Following a short bake of the 
system at 600-700 K9 the tip was brought to its final form by the methods 
already described” resistive heating at currents as high as 4 A or field 
evaporation at 77 K. The success ratio for achieving acceptable field 
evaporated tips was approximately twenty percent» The mode of failure, if 
the tip was initially sharp, was generally fracture along a grain boundary. 
Tips which did not have a sufficiently small radius of curvature could some­
times be sharpened« This was done in a 4N solution of HCl, using a carbon 
counter electrode at 1%V A„C. for an interval of one or two minutes. If the 
end of the wire was still visible at lOOx in an optical microscope the pro­
cedure was repeated.
Normal methane, CH^, was obtained in one liter pyrex break seal
flasks from Airco and Linde; typical analyses are in table 2, The adsorption
properties of gas from both suppliers showed no measurable differences,
Dideuteromethanes CH^D^g an^ deuteromethane9 C D ^ S in similar containers was
from Merck Chemical Co, No analysis, except for assurance of better than
99% isotopic purity^ was available from the supplier.
The field emission images are recorded photographically with a
front surface mirror and a Polaroid camera. Exposures of three to ten
seconds at f/1,2 on ASA 3000 film are generally used. The emission current
-8necessary to produce an image which can be recorded in this way are 10 to 
-710 amperes. These currents are quite a bit higher than those used in the 
course of measuring the adsorption and can possibly perturb the adsorbate.
For this reasonj, as discussed in more detail in chapter IV, photographs are 
made only of the clean surface and again at the end of an experimental run.
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TABLE 2
Mass Speetrographic Analysis of CH, Gasa 4
Linde
Impurity Concentration 
ppm
A • bAirco
Impurity Concentration 
ppm
C09 45
°2 3
N2 11C H 42
C3H8 <5
C2H6 3 8 . 6
N2 1 6 . 9
c ó 2 < . 5
Lot analysis performed on gas cylinder before filling pyrex flasks.
j_
Threshold 2ppm.
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CHAPTER IV
EXPERIMENTAL RESULTS
The object of the experiments undertaken was to probe the role of 
elementary excitations of methane in bringing about dissociation of the 
molecular gas at a rhodium surface» First of all the choice of the rhodium- 
methane system had to be validated as appropriate» To this end the adsorp­
tion properties of rhodium were studied at low crystal temperatures to
determine if there was indeed a barrier to dissociation, as suggested in the
16literature. Having ascertained this, we investigated the rate of dis­
sociative interactions between methane and a rhodium crystal, as a function 
of the temperature of the gas, as a first step toward establishing the role 
of excitations in the gas on dissociation at the crystal. Finally, the rates 
for different methane isotopes were measured to aid in pinpointing the 
significant degrees of freedom involved in overcoming the activation barrier.
Physical Adsorption of Methane
Physical adsorption, often abbreviated physisorption, could in our 
case be referred to more descriptively as molecular adsorption. The molecular
gas is bound, undissociated, in a rather shallow potential well by dispersion
- 38 . . .torces. It is not true that all non-dissociative adsorption falls in this 
category; for example CO adsorption is not dissociative but involves a transfer 
of electrons and exhibits a large binding energy. Since the adsorption is 
reversible, the density of molecules at the surface is a function of the 
pressure of the ambient above the surface as well as the binding energy
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(AH ) and the temperature. In steady state the number of gas molecules 
condensing on the surface is equal to the number desorbing,
/v/2rrmkT
nvoexp(-AHp/kT) . (9)
Then
(nv [ 2nmkx]
■ — ■} ( 10)
where Ah is the binding energy of the physically adsorbed state, n is ther
number adsorbed per square centimeter, s is the sticking coefficient, and
is the frequency of oscillation of the adsorbed molecule perpenducilar to
the surface (the attempt frequency for desorption). A measurement of n and
p then gives us a crude measure of AH .P
The properties of physically adsorbed CH, and CD, are of interest4 4
for a number of reasons. The physically adsorbed state may serve as a pre­
cursor to the chemisorbed state; that is, methane may be molecularly 
adsorbed and only then converted to the chemisorbed state. It is important 
to know if one can tell the difference between physical and chemical 
adsorption and if there is any appreciable difference between the properties 
of molecularly adsorbed CH^ and CD^. Most important, in our context, is to 
establish if dissociation is really activated. This can be simply tested by 
warming the physically adsorbed layer of gas. If molecular dissociation 
involves passage over an energy barrier, the rate of conversion will have the 
form
Rc = nkc = nvce x p ( -E A /k T ) ( 11)
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The ratio of the rate of conversion to that of evaporation is therefore
=^exp[(iHp-EA )/kT} • (12)
If the barrier to conversion is significantly larger than that for evaporation 
from the physically adsorbed layer, then on warming, the layer will be 
completely removed leaving the surface clean rather than resulting in con­
version to a chemisorbed state„
We have carried out such experiments for CH^ and CD^, adsorbed on
rhodium crystals at 77 K, from gas at 3.00 K» A reduction in the work function
is found, which is typical for molecular adsorption» The change in the
work function observed in the field emission microscope at different
pressures of CH^ is shown in figure 11» For CD^ the results are quite
similar, and are indicated in figure 12. It should be emphasized that there
are large uncertainties in the results since the pressure in the tube cannot
be measured during an adsorption sequence» The pressure was measured only
at the end of an experiment or during a calibration run in order to avoid
dissociation of the gas at the filament in the ionization gauge»
We did observe that approximately monolayer coverage could be
maintained at 77 K, for either isotopic species, by holding the methane 
, — 8pressure at 10 torr» The estimate of monolayer coverage was made from the
work function change measured, and noting that Suhrmann^8 observed a »6 eV
15 2change in the work function at a coverage of 3x10 molecules/cm , which is
12 -1approximately monolayer coverage» Using 3x10 sec for the pre-exponential
19frequency factor, from the work of Madey and Yates, vT equation (10) gives 
AHp = 4»9+»8 keal/mole» This is of the same order of magnitude -as"-the'heat of
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Fig, 11. Work function change of rhodium emitter on adsorption of CH, with 
surface at 77 K followed by warming to 245 K.
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Doses AP-334
Fig, 12, Work function change of rhodium emitter on adsorption of CD. with 
surface at 77 K followed by warming to 245 K.
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The change with time in the work function of the surface was
measured as a function of the molecular beam flux for several temperatures
of the beam, T « Throughout9 the rhodium crystal was kept at 245 K» This
temperature was chosen to be high enough that an appreciable layer of
physically adsorbed gas, which might block chemisorption, would not form*
From our experiments in the previous section,, we estimate a population of 
6 22x10 molecules/cm » The temperature is low enough,, however,, to minimize
surface diffusion of any gas dissociated on the tungsten loop» The work
function changes actually measured in these experiments are shown in
figure 13» A variety of tests was performed to establish that we are indeed
witnessing chemisorption of CH^ and not some artifact» At room temperature
there was no measurable change in the work function,which is in keeping with
our conclusion that CH, dissociation is an activated process« At T ' =4 G
680 Ks however, adsorption is quite appreciable« ’ If the molecular beam 
source is heated to high temperatures without any gas, the changes in the 
work function over a similar period were again less than «01 eV. Contamina­
tion from the hot source is obviously not significant« The conclusion is 
clear--thermally exciting the gas is sufficient to bring about dissociation 
of the gas at the crystal surface« That this is not an indirect effect, 
that comes about because of a warming of the surface by the beam source but 
arises from excitation of the methane9 can be shown very easily»
The temperature dependence of the field emission current allows us 
to determine if the hot molecular beam source affects the crystal temperature» 
Measurements of the emission with the beam source hot but without any gas 
passing through it as against the source cold suggest a temperature variation 
of less than 20 K. This is in agreement with Seidman“^  who concludes from
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AS-161
Fig. 13. Work function change of rhodium emitter at 245 K on adsorption 
of CH, with beam temperatures of 680 K and 300 I(.
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theoretical estimates that the temperature change is less than one Kelvin.
The rate of adsorption at a surface temperature of 300 K was also
determined at beam temperatures over the range 470-570 K. The resulting
Arrhenius plot is given in figure 14. The activation barrier, from a least
squares fit, was 8.8+2.1 kcal/mole. These measurements at 300 K gave the
same activation energy (within the experimental error) as later determinations
°f at 245 K. This indicates that a temperature variation of >20 K does
not affect the dissociative process; radiational heating from the molecular
beam source is then insignificant.
While these measurements were in progress it was learned through 
52independent work in this laboratory aimed at determining the work functions 
of single planes by field emission, that the (111) and (100) planes of 
rhodium could not be reproducibly cleaned by simply heating the crystal to 
near its melting temperature9 the procedure which had been adopted in our 
experiments. All subsequent samples were therefore prepared and cleaned by 
field evaporation of the outer atomic layersP rather than by heating. This 
change, however, did not cause appreciable differences in the measured 
activation energy.
In attempting to determine the rate of CD^ adsorption, to compare
with the rate of CH^ adsorption, more serious difficulties were encountered.
If the gas supply was shut off after the molecular beam had been in operation
the work function was observed to continue changing. In the case of CD, this4
spurious effect made any real rate of adsorption unmeasurable. A repetition 
of the CH^ adsorption studies showed a similar effect, though much less
pronounced.
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Fig. 14» Early measurements of the logarithm of the rate of change of the
field emission current against the inverse temperature of the beam 
with the surface at 300 K* Slope gives an activation barrier of 
8c8+20l kcal/mole.
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We have no direct observations of the nature of the processes 
important here. However, the most likely explanation is that hydrogen was 
being produced by decomposition of methane. Possible sources are the tin 
oxide coating on parts of the tube heated by the beam source and molybdenum 
and tungsten electrical connections. Conceivably hydrogen or methane 
adsorbed on the liquid hydrogen cold finger could also have been dissociated 
and desorbed by electron bombardment during the field emission measurements.
An improved design for the field emission tube, intended to minimize 
such problems has been described in chapter III. Modifications were made so 
as to lower the background pressure during operation of the beam, to reduce 
the number of electrical connections and keep them out of the beam, and to 
protect the cold finger surface from electron bombardment during field 
emission measurements. It was with a tube incorporating these design 
features, and shown in figure 6, that all further quantitative measurements 
were made.
Quantitative Studies of the Chemisorption of CH^
The initial observations in the modified apparatus of figure 6 
constitute a repetition of the earlier CH4 studies, but under more controlled 
conditions. The first step in a set of measurements was to field evaporate 
the surface of the rhodium crystal at 77 K, until the field emission pattern 
remained unchanged with continued field evaporation. This was presumed to 
be a clean surface. The field emission image had a smooth appearance, lack-
O Qing in sharp contrasts, typical of clean emitters. The sample was then 
flashed several times to incandescence (~1300 K) to remove loosly bound
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impurities from the shank of the field emission sample. More field evapora­
tion then was used to again clean and shape the rhodium surface.
Before warming the sample to 245 K for adsorption studies, the work 
function as well as the current for a constant voltage were measured. 
Typically the voltage was set to give an initial current of bxlO'^A, After 
the tip achieved the temperature set for rate measurements the current was 
again recorded to rule out the possibility of contamination from diffusion 
of impurities up the shank of the field emitter. Thirty minutes later the 
current was measured once more to check for contamination of the surface 
from background gases in the vacuum system*. The change in the current on 
warming the crystal was always less than five percent, the change in the 
thirty minute interval always less than one percent. These amount to changes 
in the work function of roughly .005 eV and ,001 eV, respectively, or to 
contamination of no more than 1% and 0.2% of the surface, In effect, the 
intrusion of impurities has been reduced to a completely negligible level. 
After these preliminary checks the rhodium crystal (still at 
245 K) was exposed to the molecular beam and the change in the field emission 
current recorded approximately five times. Each of the five measurement 
sequences took thirty minutes, and proceeded as follows” the crystal was 
first exposed to the molecular beam for twenty minutes (ten minutes when the
multi-channel source was in use)„ This amounts to an exposure of approxi-
17 -2mately 2x10 molecules cm , Five minutes were then allotted to pump away
the background gas from the field emission microscope. Only when the
-9pressure had been reduced to a level (~5xl0 torr) such that field emitted 
electrons would not ionize the background gas was the field turned on. The 
interval during which the field was applied for measurements was usually
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less than thirty seconds. After the field had been turned off, the molecular 
beam was put back in operation for another exposure.
Following the final exposure and current measurement, the possi­
bility of residual effects was checked. After an interval of twenty minutes 
without operating the beam, the current at a constant voltage was recorded 
again. For CH^ no residual adsorption could be detected within the limit of 
error of the measurements. At the very end of a run the work function change 
was determined by measuring the Fowler-Nordheim characteristics and the field 
emission image was examined, and recorded photographically. It should be 
noted that during each field emission measurement the conducting gate between 
the field emission tube and the cold finger was closed to prevent gas 
adsorbed on the cryogenic surface from being bombarded by electrons and 
dissociated.
Throughout this work the temperature of the rhodium crystal was 
maintained by an appropriate refrigerant in the cold finger on which the 
crystal mounted. Liquid nitrogen was employed at the temperature used for 
field evaporation (77 K) . Freon-12 (CCl^) which boils at 245 K was used 
for most adsorption studies. On occasion Freon-14 (CF ). at 145 K or a 
dry ice-Freon-12 slurry at 190 K were employed. If radiational cooling from 
adjacent cryogenic surfaces proved troublesome the boiling point could be 
maintained by passing current through a resistor immersed in the refrigerant.
The current at a constant voltage rather than the work function 
was used as an indicator of adsorption since changes in the work function 
were so small; the work function never changed more than ,08 eV-“nearly the 
limit of resolution. Furthermore, measuring the current does not require 
the electric field to be on for as long or at as high a value, significantly
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reducing the possibility of perturbing the adsorbate» Under these gentle 
conditions we have never observed any changes in the chemisorbed layer 
caused by the electric field. At sufficiently high fields and high cover­
ages, however, the field was seen to bring about surface diffusion in 
physically adsorbed layers.
Two separate sets of measurements were made on the same tip: one
with a multichannel molecule beam source, the other with a single capillary 
source. CH^ from different suppliers (Linde and Airco, respectively) was 
used in the two runs. The results were almost identical, as is apparent by 
comparing figures 15 and 16.
The changes in the current during exposure sequences with CH^ at
298 K and 705 K are shown in figure 17. The data were fitted by à least squares 
. 5 3technique to obtain the rate of change of thé logarithm of the current 
with exposure. This derivative is nearly proportional to the work function 
change, as is easily seen by reference to figure 3 or from a short calcu­
lation. From equation (3)
In i •30
3/2
V + In cvv" (13)
where V is constant during our measurements. If the derivative with respect 
to the total amount of gas impinged from the beam, §t, is taken, then
d In i
d (§ t)
K
= K d (§ t)
3 6.1/2
" "2 V*
(14)
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Fig. 15. Experimentally measured rate of chemisorption on rhodium at 245 K
as a function of CH4 beam temperature, RE = change of the logarithm 
of the field emission current/(beam exposure xl0~^). Experiments 
done with multichannel source. Slope gives EA = 7.3+1.5 kcal/mole.
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Fig. 16. Experimentally measured rate of chemisorption on rhodium at 245 K
as a function of CH^ beam temperature. Rg = change of the logarithm 
of the field emission current/(beam exposure xlO”*7). Experiments 
done with single capillary source. Slope gives E^ = 7.0+.7 kcal/mole.
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Figo 17. Field emission current change following adsorption of CH, at 705 K 
and 295 K on a rhodium surface at 245 Ko
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Measurements on Isotopically Substituted Methanes
Measurements of the rates of dissociative adsorption of CD^ and 
CH^D^ were undertaken with an eye to clarifying how the barrier of 
~7 kcal/mole, which prevents dissociative adsorption of methane on rhodium, 
is actually overcome. Isotopic substitution has the following effects:
1. Molecules incident on the surface have a lower velocity for the same 
thermal energy. 2. The vibrational spectra are shifted to lower frequencies, 
3. The moments of inertia are increased.
Attempts to quantitatively establish the rate of adsorption of CD^ 
on rhodium were not successful. Hydrogen again appeared to be produced in 
spurious side reactions. Semi-quantitative observations are possible, how­
ever. With the same rhodium crystal as in the preceding measurements and 
precisely the same technique, the rate of change in the field emission current 
at 693 K after correcting for the contamination was at least an order of 
magnitude lower than that for CH^ at the same temperature. In fact the rate
measured for CD. at 693 K was lower than for CH, at 300 K. These results 4 4
are indicated in figure 18. It should be noted that the rate of adsorption 
of CD^ shown reflects a change of only three percent in the current over the 
three hours of the experiment. Changes in the field emission current in 
blank runs, to establish the rates of contamination, were also of the order of 
a few percent over similar intervals, and the uncertainty in any one current 
measurement is one percent. The ratio of the rates of adsorption for CH^ to 
CD^ apparent from figure 18 is therefore a lower limit; the actual ratio may 
well be larger.
For the CH,?D9 system the rates of adsorption were also small, but 
measurable. Again, there was difficulty with hydrogen or other contaminants
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Fig, 18- Logarithm of the rate of change of the field emission current
against the inverse temperature of the beam. Solid line is from 
figure 16. Room temperature rate of CH4 adsorption is indicated by 
inverted triangle. Upper limit of rate of CD4 adsorption indicated 
by square. For CH2D2 adsorption circles are rates at zero coverage 
determined from a second order fit of the current change vs exposure 
data, and triangles are rates of adsorption during the first exposure 
to the beam.
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produced in side reactions. These unsuppressable side effects gave a back­
ground rate which increased with time, as shown in figure 19. The change in 
the current during blank runs with no gas introduced was, as in the studies 
of CH^ and CD^ adsorption, nearly zero. In an attempt to correct for the 
spurious background effects, the data were analyzed in two ways. Both 
analyses were aimed at the same result: approximating the rate for zero
coverage, where the effects of side reactions can be expected to be small.
In the first analysis a least squares routine was used to fit the 
data to second order in the exposure and the rate was then taken at the limit 
of zero exposure. The second analysis was simply to take the rate from the 
values of the current before and after the first exposure. The resulting 
rates are shown in figure 18.
A least squares fit to the rates from the second order fit gives 
an activation energy 10.3+8.1 kcal/mole. A fit to the lowest rate for each 
temperature gives 13,5+7.5 kcal/mole. Within their extremely large standard 
deviations, these values approximate the activation energy for CH^ adsorption, 
but the result is certainly not conclusive. It is also important to note 
that although the techniques were the same the measurements were made with a
different rhodium sample than the measurements of CH, and CD.. Despite theA 4
large scatter, which makes the activation barriers highly dubious, it is 
clear that the absolute rate in this temperature range is two to four times 
greater for the adsorption of CH^ than for CH2D2 adsorption.
In the next chapter will be presented an analysis of these data 
aimed at elucidating the physics of the molecular events, and emphasizing the 
nature of the elementary excitations involved in the dissociation process.
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Fig* 19<. Field emission current change following adsorption of CH2D2 at 691 K 
on a rhodium surface at 245 K.
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CHAPTER V 
DISCUSSION
Three major results have been obtained in our experimental program»
1) We have established that in the interaction of methane with a 
rhodium crystal excitation of the gas is sufficient to bring about dissociative 
adsorption,
2) The barrier to dissociation of CH^, determined from our experi­
ments, is 7.0 keal/mole.
3) Isotopically substituted methanes react less rapidly than 
normal methane; dissociation of CH2D2 is only 1/3 as fast, CD^ less than 
1/10 as fast.
In this chapter we will attempt to deduce from these observations the nature 
of the elementary excitations which are involved in the dissociation process 
at the surface. As was shown by Tolman some time ago,^ the activation energy 
deduced from the temperature dependence of the reaction rate gives just the 
difference between the average energy of those molecules which react, and the 
average energy of all the incident molecules. This difference need not 
correspond to the threshold for reaction. Just knowing the size of the 
barrier is therefore not enough; further analysis is necessary to establish 
the events involved in the reaction at the surface. Our measurements do show 
however, that only gas molecules excited in some way are chemisorbed at the 
metal surface. That the chemisorption of methane on metals actually involves 
a loss of molecular identity, and a concomitant fragmentation into hydrogen 
and some type of methyl radical, has been established by the work of Hansen
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and Rye„ This is9 in any event what we would expects as the physical 
parameters of undissociated methane, such as the pair interaction energy* 
resemble those of a typical inert gas„
It is important to emphasize at the outset of this analysis that 
even though we are dealing with a very simple system, we do not have control 
over all the possible processes involved» Howeve r, it follows immediately 
from our measurements on isotopically substituted methanes that translationally 
excited molecules do not play a direct role in dissociation at the surface.
The fraction of the. molecules of mass m in a molecular beam with 
speed between v and vtdv is
f (v)
3 0v ,m 2
T ' m > exP<-
my_
2kT)dv, (16)
The fraction of the molecules in the energy range e to e+dg is therefore
f (g) « e- - exp(- pp)de (17)
(kT)
and does not depend on the mass at all. The rate of arrival of molecules 
from the beam at the surface, does of course vary as !A/ma However9 the 
quantity we have reported throughout is the rate divided by the incident 
flux. If translational excitation were significant in dissociât ion, there 
would be no isotope effect at all, contrary to the very significant effect 
found in our measurements and documented in figure 18»
It should also be clear that equilibration of the translational 
energy of the molecules that collide with the lattice, followed by capture 
does not limit the overall rate. The fraction of incident molecules
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captured even briefly at the surface is given by the sticking coefficient s. 
Although this has not been measured for methane, we know that for inert gases 
or molecular hydrogen on metals-, s is typically on the order of ,h The 
comparison to hydrogen is especially interesting because theories of energy 
transfer predict that the sticking coefficient should become smaller as the 
ratio of the mass of the incident particle to that of the lattice atoms 
becomes larger„ For hydrogen on tungsten, this ratio is o011, for methane 
on rhodium „155,, The sticking coefficient for methane can therefore be
expected to exceed 0,1, However, the experiments reported in chapter IV
5indicate that only 1 in 10 of the methane molecules colliding with the 
surface reacts Some other process than capture of the methane molecule must 
therefore be limiting the dissociation step at the surface„
There is of course the possibility that translationally excited 
molecules from the beam could in turn excite the lattice; this lattice
excitation could then be the limiting step to allowing dissociation of the
5 Amolecule, Theoretical work in this area indicates, however, that energy 
transfer to the solid is less effective the smaller the ratio of the mass of 
the incident molecule to that of the lattice. Evidence from our work 
reported here is that CD^ reacts at a much smaller rate than CH^, which 
actually has the smaller mass ratio. We can also expect that higher phonon 
levels produced by the molecule impinging on the surface will decay in of 
the order of only a few times the Debye frequency. Only during a very short 
interval can such interactions take place when the solid is excited. There­
fore, excitation of the solides normal modes appears not to be an important 
54effect here.
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To appreciate the full complexity of the overall dissociation 
process, we must consider the sequence of possible events in which molecules 
from the beam may be involved. A molecule strikes the surface; it is either 
reflected, or else loses sufficient energy and momentum to be trapped on the 
crystal in a physically held layer. The fraction so caught is given by the 
sticking coefficient defined above. The trapped molecules slowly equilibrate 
with the solid” some evaporate, others fragment and are chemisorbed. The 
events involving these physically adsorbed molecules vitally affect the rate 
of molecular dissociation, and must therefore be examined more closely.
With the physically adsorbed layer in a steady state, the number 
of molecules per second which impinge on unit area of the surface and lose 
sufficient translational energy to be trapped is equal to the number per 
second undergoing conversion to the chemisorbed state, plus the number per 
second evaporating from the surface, that is
§s = nk + nk . (18)C Hi
Here § is just the flux of molecules incident from the beam, n is the surface
2density in molecules/cm , and k and k are formal rate constants for molecularC E
dissociation and evaporation from the physically adsorbed state. It must be 
emphasized that these constants refer to the specific steady state which 
exists in the measurements, and account for the reactions of molecules in 
a particular non-equilibrium distribution at the surface. In fact it is 
only prior to complete equilibration of all degrees of freedom of the methane 
with the crystal that reaction can occur.
72
The quantity actually measured in our experiments and plotted as 
the ordinate in figures 13, 15 and 19 is proportional to the rate of chemi­
sorption per incident molecule. It arises from the competition among several 
different processes and can be formulated as
f s 1
“  ■ ikc +Ty V  <19)
This relation simplifies in two limiting eases. If kc»kE, so that chemi­
sorption is rapid compared to evaporation, we have
m ge (20)
The rate is then dependent only on the sticking coefficient« We have already 
demonstrated that this cannot he true for the interaction of methane with 
rhodium«
in fact, we can easily show that in our system k«* the rate of 
dissociation from the physically adsorbed layerf is actually much smaller 
than the rate of evaporation kg8 We presume the sticking coefficient to he 
no smaller than that for hydrogen« fhen roughly one in ten impinging 
molecules is physically adsorbed? however? the overall rate for ebemisorp-
5
Hon is only l in i§ * f§ maintain the steady state the rate of evaporation 
must obviously exceed the rate of conversion by approximately four orders of 
magnitude? Since it  follows from ep a tio i (17) that the overall rate
of chemisorption is given by
nkp skp
T  = “ (*D
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The rates measured in our experimental studies therefore involve 
the ratio sk /k , Only the temperature dependence of the rate is of interest 
to us; absolute values are not availables except to a rough order of magni­
tude approximation,. The dependence of the rate of chemisorption upon the 
temperature of the Incident gas will to some extent reflect the effect of 
Tq upon the sticking coefficient s, upon the rate constant for evaporation
k p as well as upon the rate constant for conversion k » However, the & C
variation of s and k is expected to be small»
Present theories of energy transfer predict a drop in s with 
increasing energy of the incident molecules» This diminution is important 
only for high energies» Measurements of the change in sticking coefficient 
with the temperature T of the gas have been made both for CO on tungsten5^VJ
5 5and for rare gases condensing on their own crystal faces» Studies on the
rare gases indicate that even at temperatures such that kT ^ E where E isG s s
the heat of sublimation of the crystal, the sticking coefficient has much 
the same value (unity) as it does at kT j^3E »
There is much less known about the dependence of the rate 
constant for evaporation, upon the temperature of the incident gas. As 
already noted, the temperature of the gas enters because we are considering 
evaporation from a steady state population of physically adsorbed material 
produced in the interaction of hot gas with a cold surface» The molecules 
captured, from the beam are not able to give up all their translational 
energy to the lattice immediately, and their state of excitation may, to some 
extent, be dependent upon the gas temperature» However, we expect this effect 
to be small. Most of the energy that has to be transferred to the lattice 
comes from the potential holding the physically adsorbed molecules to the
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surface (4.9 kcal/mole). The average translational energy of the incident
molecules, 2kT, is small by comparison. Molecules in the beam with high
translational energy are discriminated against in any event, in that they
may not be captured at all. Once captured, however, the translational motion
of the molecules is rapidly equilibrated. Quantitative measurements of this
equilibration are difficult. However, from observations in the field
38emission microscope we can deduce that for gases such as CO, and O^,
at room temperature, colliding with cold metal surfaces, the predictions about
the speed of thermalization are qualitatively correct.
Inasmuch as methane physically bound to the surface seems to play
a significant role in the overall rate of molecular dissociation, a few words
specifically about it are in order. Although molecularly adsorbed methane
has been experimentally observed by us only at temperatures below ~115 K and
-8pressures above 10 torr, molecular adsorption occurs at all temperatures.
From equation (9) there are, at a beam intensity of 2xl014 molecules cm^sec"1, 
32.4x10 methane molecules held per unit area of rhodium surface at 700 K. This
12 -1estimate is based on a prefactor of vq - 3x10 sec , taken from Madey and 
19Yates, and AHp -4.9 kcal/mole shown appropriate to our observations in 
chapter IV. The average time spent on the surface obtained from equation (9), 
is
T  =  VQ^exp(AHp/kT) » (22)
At 700 K a methane molecule therefore is physically adsorbed for only 
1.2x10  ^sec. This is barely 35 vibrations of the molecule against the
crystal, but more than 1000 vibrations of the hydrogen atoms in the CH^
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molecule (i»e,, in the mode). In the actual reaction a physically
adsorbed molecule trapped at the surface will have lost at least some of
its translational energy; its effective temperature will therefore be lower.
The lower limit of the rate of evaporation is that which prevails at the
temperature of the crystal, 245 K in our experiments. Assuming that the
translational energy of the methane is immediately thermalized, t is 
-98x10 sec; under these conditions the surface population at an incident flux 
of 2x10 molecules cm sec  ^ is 1,6x10^ molecules cm For both extremes 
of temperature the molecule resides on the surface long enough for inter­
action with the lattice, but the density of molecules on the surface is
negligibly small compared with the number of sites available on a surface 
15 2(~10 /cm ), The population of CH^ in the physically adsorbed state will 
therefore not directly block dissociation on the surface.
The model we propose is: adsorption of molecules into a physically
adsorbed state at the surface, followed by conversion of those molecules with 
sufficient excitation into the chemisorbed state. It is important to note 
again that it is some internal degree of freedom of the gas that has to be 
excited. The translational modes of methane are not involved in this. The 
small value of the barrier, 7 kcal/mole, which we have found eliminates 
electronically excited states of the molecule from consideration. The 
lowest levels lie several eV above the ground state. In contrast, the spacing 
of rotational levels is too small. For methane the characteristic temperature 
for rotation is 1,17 K. This leaves only the vibrational modes for serious 
cons ideration.
To see what more can be learned about the elementary excitations 
involved in dissociation at a surface we will now analyze our experimental
results, both according to classical theory, and according to the more 
dynamical views of Slater«
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Classical Transition State Theory
57-59Transition state theory makes one central assumptions The
reaction is viewed as the passage of the system over an appropriate potential 
energy surface, with equilibrium maintained throughout« Molecules in the 
region of the energy saddle separating the initial from the final state are 
designated as activated complexes» These are treated as if in equilibrium 
with the reactants; their concentration is then available from standard 
statistical thermodynamics. The rate of "decomposition51 of the complex can 
be obtained by assuming that the degree of freedom corresponding to decom­
position can be approximated as an ordinary translation, to yield‘d
(23)
L is the number of equivalent paths by which the reaction may proceed, Q
tand Q are the partition function of the normal and activated states, and Eo
is the difference between the ground levels of the normal and activated 
states (see figure 20) « The rate constant k is equivalent to k^, in the last 
section.
The partition functions, Q and , may be factored into their
S 7vibrational and rotational components; these are given by the standard forms
QVIB = ( 1“ exP (“ ^ / k T ) ) (24)
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Fig* 20* Schematic profile of potential energy surface in transition state 
theory*
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per vibrational mode of frequency v. For a freely rotating molecule with 
three degrees of freedom,
8rr3(8rr3ABC)^(kT)3/2
cROT (25)
A s B and C are the moments of inertia about three perpendicular axes« CH^ 
and CD^ are spherical tops, and the three moments are all equal« For free 
rotation about one axis
s (8nVkT)3/2
"ROT (26)
where the moment of inertia about that axis is I'.
Of specific interest to us is the ratio of the rates expected for 
isotopically substituted methanes* We will examine what transition state 
theory predicts for this ratio. To do this we make estimates of the ratio 
of the rates for isotopically substituted molecules using extreme assumptions. 
The infrared adsorption studies of Sheppard and Yates^9^  indicate that while 
molecularly adsorbed at the surface of porous silica glass, methane molecules 
are restricted to rotation about the perpendicular to the surface. Despite 
this evidence we will assume an extreme case; the ordinary physically 
adsorbed molecules that constitute the reactant have completely free rota­
tion; in the transition state they are completely fixed* For the comparison
±between CH^ and CD^ we need not worry about the number of reaction paths L ; 
this will be the same for the dissociation of either species. We assume it 
is the O H  or C-D bond that is broken in dissociation, and that the 
vibration corresponds to the mode of decomposition. The four fundamental
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Fig» 21„ Schematic of the four fundamental frequencies of vibration of
tetrahedral molecules, including CH, and CD, .4 4
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frequencies of CH^  and CD^  are in figure 21. The ratio of the rates is then
kCH4 /kCD4 = «CH4QCD4 /QL 4QCH4>eXP(-AEg/kT> (27)
in which AE represents the difference of the ground state vibrational 
energies of the C-H bond and the C-D bond. The rate ratios calculated for 
dissociation of CH^  and CD^  are shown in table 3 as a function of the gas
TABLE 3
Ratios of Rates of Adsorption Predicted by Transition State Theory Assuming 
Free Rotation of Precursor and Breaking of C~H Bond
V
-la= 3158 cm v
CH4 b
ech.4
= 5,33x10 g^ cm I
TEMPERATUREK
CD.4
CD.4
= 2337 cm 
- 10.57x10 ^g cm^
RATE RATIOk /k CH/ CD,
520 8,71540 8,36560 8.04580 7.76600 7.50620 7,27640 7.06660 6.87680 6.70700 6.54720 6.40
Reference 62 
Reference 63
temperature T^ . In the range of temperatures accessible to experiment, that 
is for 715 <Tg< 650 K, the reaction of methane is expected to be more rapid 
than that of the deutero-substitute-compound by a factor of 6.4 to 7.0.
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If we restrict rotation of the physically adsorbed molecule on the 
surface, as is physically more reasonable, the ratio of CH^ rate to that of 
CD^ is diminished;, as shown in table 4. Other specifications of the transition
TABLE 4
Ratios of Rates of Adsorption Predicted by Transition State Theory Assuming 
Restricted Rotation of Precursor and Breaking O H  Bond
VCH, = 3158 Cm'1 VCD/
4 ”40 2 ^Intl “ 5,33x10 g cui I
CH4 CD4
TEMPERATURE
K
- 2337 cm”1 
« 10.57xl0”40g cm2
RATE RATIO
520
540
560
580
600
620
640
660
680
700
720
4.39
4.21 
4.05 
3.91 
3.78 
3.66 
3.56 
3.46 
3.38 
3.30
3.22
state would just lower this ratio. We have also made estimates on the 
physically more reasonable assumption that the coordinate corresponding to 
decomposition corresponds to the mode. As is apparent in table 5, the 
rate ratio for CH^ to CD^ on this model, which assumes completely free 
rotation for the physically adsorbed precursor, is lower still than our 
initial estimates. It is clear that the extreme assumption of the mode 
as the breaking coordinate and a precursor with 3 degrees of rotation give 
the largest isotope rate ratio effect. However, even this is significantly
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smaller than the ratio determined in our experiments,,
TABLE 5
Ratios of Rates of Adsorption Predicted by Transition State Theory Assuming 
Free Rotation of Precursor and Breaking H-H Bond
la -lav “ I3n7 cm 1026 cmCH,4 40 2
CD,4 -40InTJ = 5.33x10”Ctl a4
g cm I —CD,4
10.57x10
TEMPERATURE.
K
RATE RATIO
kCH7 /kCD. 4 4
520
540
560
580
600
620
640
660
680
700
720
4.58
4.52
4.46
4.41
4.37
4.33
4.29
4.26
4.22
4.20
4.17
aReference 62
Similar calculations can be made to compare the behavior of CH2D2 
with that of CH^. However,, there are greater uncertainties in any such 
attempt5 as we now have, to specify much more closely the nature of the
complex. The largest value of the isotope ratio for CH,/CD,<, in the best if4 4
still poor agreement with experiment was obtained on the assumption that 
decomposition involved the mode of methane as the critical coordinate. It 
is therefore most appropriate to examine the decomposition of for the
same model. In CH^^a it is the C-H bond that will be broken in preference 
to C"DS because of the greater zero point energy of the former. If we insist
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that both H atoms of GH^D^ remain in touch with the crystal^ as indeed seems 
likelyj then we obtain the ratios for the rates of CH, vs CH0D9 shown in 
table 60 This large ratio, which a t 700 K amounts to lOcSl,, arises primarily 
from the larger number of reaction paths possible in CH^ (6) as compared to
TABLE 6
Ratios of Rates of Adsorption Predicted by Transition State Theory Assuming 
Free Rotation of Precursor and Breaking C=H Bond
v ~ 3158 cm GH f
* -AO 2ICH ” 5c33x10 g cm
4
TEMPERATURE
K
520
560
600
640
680
720
ciReference 64 
Reference 65
VCH,D, - 3100
Z Z -40 2I 6 „29x10 g cm
t _ , M  -, n”4Q 2I - ?»59x10 g cm
ß ”40 21^ 38 9 c 18x10 g cmVJ
b
RATE RATIO 
kCH4/kCH2D2
11c 03 
10c 97 
10c92 
10o87 
10c83 
10*80
Ciy^Cl)* However, there is the possibility that reaction could proceed
with one H and one D atom on the crystal» With this configuration the ratios
in table 6 would be cut by a factor of five smaller» T© summarize9 the esfci”
mates based on the transition state theory do not account for the remarkable
difference observed in the reactivity of CH, and CD.* A decision for CH„D„4 4 2 2
is not as clear cut9 but it seems difficult to rationalize the experimental 
findings„
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We have throughout these estimates ignored the possibility that 
rotation of methane could be directly involved in the dissociation at the 
surface,, It is obvious from equation (23) that the only effect would be to 
eliminate the exponential term involving the difference in the ground state 
vibrational energies* At the temperature of the gas in our experimentsa 
rotation should be entirely classicals and no corresponding term would arise0 
The rates estimated for CH^ versus CD^ with rotation as the breaking 
coordinate would therefore be smaller still, than the figures in table 39 
themselves too small compared to experimento In any event9 it would be 
difficult to understand physically why an extremely high rotational states 
7 kcal/mole above the average9 would help the dissociation process % since 
centrifugal stretching in molecules is a second order effect*
The Dynamical Model
Inasmuch as the transition state theory of reaction does not 
adequately account for the experimental observations on the molecular decom­
position of methane on rhodium^ we resort to a more dynamical approach^
3 5pioneered by Pelzer and elaborated at length by Slater* In this the 
molecule undergoing decomposition is described by a set of non-interacting 
normal modes treated in the harmonic approximation* The criterion for 
dissociation is that a particular coordinates the reaction coordinate9 shall 
exceed a critical displacement, q 9 beyond the equilibrium distance* This 
reaction coordinate typically is a bond direction or a bond angle* The 
fundamental difference between the transition state and dynamical theories 
is that in the dynamical theory energy exchange between normal modes is not
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allowed. Not only does the molecule need a certain amount of energy to over­
come the barrier to reaction,, but this energy must also be appropriately 
apportioned among the normal modes. Although developed by Slater in an
attempt to describe the rate of unimolecular reactions in the gas phase, this
66 36approach has been used by Rice and also by Flynn in describing atomic 
migration in crystals, and we shall now apply it to molecular dissociation 
at crystal surfaces. Our model is that the physically adsorbed molecules 
exist in a vibrationally excited state and dissociate from that state. We
assume that one of the interatomic distances in the molecule must stretch
$
sufficiently to allow dissociation.
This reaction coordinate can always be written as a linear combi-
nation of the normal coordinates Q.a that is
(28)
Since the harmonic approximation is being used each of the will have a 
Gaussian distribution with mean square amplitude
(29)
A linear combination of independent variables which have Gaussian distribu-
tions has itself a Gaussian distribution
(30)
The velocities obey a similar Gaussian distribution, but with
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/ . 2V _ „2 _ 2 , 2 
(qi > = s “ iix ia i (3 1 )
where
, . 2 2X . = 4tt v „ ,i i (3 2 )
The probability of attaining the critical value, q, of the
35coordinate q^3 is as usual'
Pq = (2m2) 1exp("q2/2cr2) (3 3 )
The rate constant for dissociation is now given by the product of the 
probability P that a molecule has achieved the critical value q of the 
breaking coordinate, and the mean speed in that coordinate; that is
k _  ^= r— ex
2 m 2a
(3 4 )
In the limit of entirely classical behavior
<Qi2) =|kT (3 5 )
and
2 2
9 -, 4rr v » kT
2\W i ; 2 2 (3 6 )
The minimum energy for dissociation is, on this model, equal to
2 2Eo = q Æ  0fu (3 7 )
87
so that the rate constant appears as
k = v exp(“EQ/kT) (38)
(39)
or
v l W " Vn (40)
The (j,^ are normalized amplitude factors for each normal mode defined by
and the are the frequencies of the normal modes«
It is important to note that in this classical limit this expression 
is formally equivalent to transition state theory using classical partition 
functions, and assuming that only the vibrational degrees of freedom have to
the transition state approach» E gives us the energy when the different
non-interacting modes are properly phased to produce the critical extension«
It is the quantum-mechanical limit, however, which is of specific
interest» Although in the transition state formation of rate theory quantum
mechanical partition functions have been inserted for the vibrational modes,
it is generally recognized that this alone will not adequately represent rate
3 6phenomena at low temperatures. This is in fact the likely source of the
(41)
be at all considered» However, the energy term Eq need not be the same as in
inability of this formulation to account for the effects of isotopic
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substitution on the dissociation of methane observed by us, The parameters 
necessary for rate estimates by the dynamical theory under quantum conditions 
still have to be evaluated in detail,
In order to make predictions of the rates expected using the
dynamical theory, the mean square amplitudes of the molecules must be known
as a function of temperature. The theoretical basis for calculating molecular
vibrational amplitudes has been extensively laid over the past fifteen years
in an effort to connect the results of electron and X-ray diffraction studies
6 7with spectroscopic data. An exhaustive review has been given by S, J, CyvinI 
A cursory overview of the theory will be outlined here, followed by a calcu­
lation of the temperature dependent amplitudes for the tetrahedral molecules 
of specific interest to us.
The backbone of the theory is the Wilson GF matrix method. The G 
matrix, called the kinetic energy matrix, relates the kinetic energy, T, to 
a set of internal coordinates, S5 through
where is the vector representing the momenta conjugate to the coordinates
c—$S, The internal coordinates are often chosen to reflect the symmetry of the 
molecule. The Cartesian coordinates x are transformed into the internal 
coordinates through the matrix if
Molecular Vibrations and Mean Square Amplitudes
(42)
S = Bx, (43)
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The momenta conjugate to the Cartesian coordinates are Since
2T i-p m  px : (44)
then
rw - VofB m B (45)
where m is a diagonal 3Nx3N matrix of the N atomic masses which comprise 
the molecule.
The potential energy, in the approximation of harmonic vibrations,
is
2V S FS (46)
where F is the force constant matrix. The normal coordinates, Q, are trans­
formed into the internal coordinates, S, through the matrix L
(47)
and the potential energy is expressible in terms of the vector Q and a 
diagonal matrix X
2 V. Q (48)
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From equations (46)-(48) it is easy to see that
x = L^ ftr (49)
The third matrix important in our application is the mean-square 
amplitude matrix,
r*-t . —♦—♦'I's = <ss >
in which the coordinates S are usually chosen to reflect the symmetry of the 
molecule. Here (X) is used to indicate that the thermodynamic mean value of 
each element of a matrix X has been taken. The elements of 2? can be deter­
mined through a transformation from the normal coordinate system
2  - EBT ( 51)
where the matrix T  is diagonal with elements
\  = < \ V 9 eoth(hv,/2kT)8n v, k
(52)
6 „ is the mean square amplitude of a harmonic oscillator of frequency v, atIc
temperature T* where an average over all the quantum states has been performed 
The normal coordinates, Q, and the conjugate momenta, P, are 
defined as usual so that
2T = P P. (53)
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The transformation matrix Ls of course, also applies to the momenta
Ps = LP. (54)
It is then easy to see, from equations (42), (53), and (54) that the matrix G 
is related to the transformation matrix L by
G (55)
and the inverse of G is therefore
(56)
From equations (51) and (56) we can now write
^ _1L - <TBL+)(L’ltr 1)L (57)
which reduces to
T.G L LÒE (58)
where E is the unit matrix. The condition for compatibility of equation (58) 
is
ISg ’ ^ eòJ  = o. (59)
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An entirely analogous procedure is used to obtain
| FF -Ee k | = 0 (60)
where e^ . is just the average energy of an oscillator of frequency at 
temperature T
ek = = |lwkc°th(h\>k/2kT). (61)
The secular equations, equations (59) and (60) in turn, lead to the
67following four relationships
l  6k = I S iiG IÌ + 2l s ijG ij (62)k i K j
n
k
8k = i r V m (63)
Z ek 2. .F .. + 2 ) 2. .F. .ii ii U  ij ij (64)
k i i<j
n
k
*k = |f M s | (65)
Vibrational Amplitudes and Dynamical Rate Estimates
Calculations of the vibrational amplitudes of tetrahedral XY,4
6 8 ~ 7 2molecules have been made by several authors. They report, however,
values for only 0 K and 298 K. We have extended these calculations to cover 
the temperature range of interest in our experiments.
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Tetrahedral molecules (symmetry group T^) exhibit four fundamental
frequencies. Since there are nine (3N-6) normal modes there must be
63degeneracies. Symmetry considerations indicate that there is one totally 
symmetric (symmetry A^)s one doubly degenerate (E)  ^ and two triply degenerate 
(F2) vibrations. The four fundamental frequencies are illustrated in 
figure 21.
There being only one and E type vibrations, their £ matrix com­
ponents are expressed6  ^72 (see equations (62)-(64)) as
S1 = S llwy (66>
& 2 = 3 S 22*J'y (67)
where p,y = and = ^22" ^y t^ le reciProca -^ ^ass of the y atom; p, is
correspondingly m The expressions for the two F0 vibrations arex z
, ,69-72coupled
63+64 - i{233(8M>x+3ny) + | s 44( % x+3^y)-8E34hx} (to +H y)"Vy1 (68)
S3S4 = ^ S33244~S34"S34^4px+iV  ^y (69)
e3+e4 " F33S33+F44244+ 2F34S34 (70)
These equations have been solved by the method of Radakrishnan,72
69which is apparently also used by Cyvin, The approximation is made that 
£34 = 0; for the case of CH4 this introduces an error67 of ~ 3% in the resulting
94
mean square amplitudes (but not in their temperature dependence). Solving 
equations (68) and (69) for F.^ and F ^  with F ^  = 0, F ^  can then be found 
from equation (70). It iss of course, approximately zero. The computer 
program which calculates the Fs is shown in the Appendix. The values calcu­
lated at a few selected temperatures are in tables 7 and 8.
The mean square amplitudes of the X-Y and Y~Y bonds are given in
~  68terms of the elements of the F matrix;
i (X-Y) + 3F^) (71)
i (Y-Y) - + 3222 + 2233+ 2^44 + 2S34^ ° ('72^
TABLE 7
Components of the F Matrix :for CH,4
 ^- 3137. cm ^ v = 1567. -1cm V3 = 3158.
-1cm
 ^~ 5.383 mdyn A F3^a= .206 mdyn A F4 - .458 mdyn A
TEMPERATURE 2 ,, F no f „^ I, , F ,11 22 33 44 34
■2 ï 2K 10“ A
10 .533 3.209 .597 2.917 -.160
300 .533 3.212 .597 2.926 -.160
500 .533 3.280 .597 3.040 -.155
700 .535 3.476 .597 3.308 -.146
900 .540 3.780 .602 3.686 -.138
â.Harmonic frequencies and force constants from reference 62.
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TABLE 8
Components of 2 Matrix for CD, 34
®= 2219« cm ^ v 2 ^ 1109 '■ -I « cm v3 - 2337 -1« cm v4 = 1026«
= 5 «383 mdyn A «206 mdyn A F4 = «458 mdyn l“1
TEMPERATURE 2,, 2, . ' 2 ,11 22 33 44 34
K io"2 JL2
10 «377 2«267 «461 2 «110 -«262
300 «377 2 «289 «460 2 «145 - «254
500 «3 78 2 «462 «458 2 « 366 -«216
700 «385 2 « 784 «460 2 «743 -«177
900 «399 3 «195 «472 3 «202 - « 154
SLHarmonic frequencies ana force constants from reference 620 
2The values of 1 depend quite critically upon the force constants and the
62normal frequencies; our estimates are based on the data of Duncan and Mills«
2The resulting values of i ' for CH, and CD, are- listed in tables 9 and 10« In4 4
69the tables a comparison is made with the calculations of Cyvina whose values 
are in close agreement with those determined from electron diffraction 
measurements« Although he uses a set of force constants different from oursa 
the agreement with our estimates is quite good; the difference is always less 
than 10%«
TABLE 9
Mean Square Amplitudes at 0 K«
CH. CD,4 4
This WorkO i.
« aCyvxn This Work Cy v in
A. (X"Y) «00581 «005763 « 00440 «004235
i (Y-Y) «01489 «014925 «00988 «010606
Reference 69
b v 2 Units in A
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TABLE 10
Mean Square Amplitudes at 300 K.
CEL4
This Work Cyvina
CD4
This Work Cyv in
i^CX-Y)13 . 00581 .005763
l (Y-Y) .01492 .014941
s00439 .004235
.01001 .010680
Reference 69 
^Units in
The temperature dependence of the mean square amplitudes in CH^ and 
CD^ is shown in figure 22. With this in hand it is now possible to apply the 
dynamical theory to an analysis of our experimental data. In conformity with 
equation (34) s the data for the rate ©f dissociation of shown in
figure 169 is replotted against the inverse mean square amplitude of the H-H 
bond in figure 23. The slopes obtained from a least squares fit is 
.452+.045-9 yielding a critical bond extension q of .952+.Q45A. This is to 
be compared with a normal H-H distance of 1.78A in CH^.
The value 'of q may now be used to predict the relative rates of 
molecular dissociation for CH- and CD,s which is given by
kH ^Hexp(“q2/2°,H2) 
v D ex p ( ~ q 2 / 2a ^  2 )
(73)
The term v has already been- defined^ in equation (39)9 as a weighted mean 
of the normal mode frequencies of the molecule. Its value lies somewhere 
between the lowest and highest of these. In our estimates we have taken 
for v the frequency of the bending mode of the molecule9 using the spectro­
scopic values rather than the more appropriate harmonic frequencies. At
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Fig„ 22. Mean square amplitudes of H-H and O H  distances of the CH^ and CD^ 
molecules as a function of temperature from E-matrix theory«
Log
 R
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r 2 1-1 o-2¿(H-H)j (A )
Fig. 23. Experimentally determined rates of adsorption of CH^3 plotted against 
inverse of mean square amplitude of H-H vibration. Data from 
figure 16. Slope is .452+.045«
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700 K* this leads to a ratio of the rates for surface dissociation of CH^. * 
compared to CD^ * of
kCH//kCD/ 8=1 1*lxl°4 (74)4 4
As a possible alternative to the choice of the H-H distance as 
the critical coordinates we have also considered the role played by the C-H 
bond extension« In rate estimates using transition rate theory the choice 
of the C-H stretching mode (v^) as the critical coordinate lead to the best 
approximation to our experiments« However* it is evident from figure 23 that 
the C-H bond distance is not the critical coordinate. The C-H bond ampli­
tudes which is displayed in figure 22 against the temperature* is seen to be 
virtually constant over the entire temperature range of the experimental 
studies. The choice of this as the initial coordinate would lead to a
temperature independent rate* in contradiction to our experimental results.
4The ratio of 10 for k /k * predicted on the assumption of H-H or D-DCH t CD,4 4
stretching as critical to dissociation,, is certainly large enough to account 
for the differences actually observed in our experiments on CH^* compared 
with CD^. It should be remembered* however* that the rate of adsorption of 
CD^ reported is an absolute upper limit. The actual rate may be considerably 
smaller* and the ratio of the rates for the two methane isotopes may there­
fore be much larger than the 10 to 1 reported.
In making estimates for the decomposition of C^D^* the situation 
is more complicated. There are 4 H-D bonds* 1 D-D and 1 H-H bond. As shown 
by Cyvin* and indicated in Table 11 the mean square amplitudes of the H-D 
displacements are smaller than those for H-H* but larger than for D-D. We
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TABLE 11
Mean Amplitudes for CH2B2 and CD,a 4
C-H C~D H=H
A
H-D D-D
CH4 ,07750b,07750°
,12450
,12458
GH2D2 ,07750,07750
,06643
,06643
.12447 
,12456
,11554
,11573
,10497
,10538
gd4 ,06643 
,06643
,10496 
,10538
Reference 67 
b0 K
C30Q K
have not extended Gyvin’s data into the temperature range of our experiments. 
However3 at 0 and 300 Ks the H-H and D-D amplitudes in CH2D2 are in concord­
ance with similar amplitudes in CH^ and CD^, The behavior of the H-D 
amplitudes relative to H-H and H-D should not change drastically with tem­
perature,, and we therefore expect that only H-H bond stretching with its 
high amplitude, will be effective in bringing about dissociation. The only 
difference in the decomposition of CH^ and CH2D2 is therefore the number of 
paths open to the reaction--6 in CH^P only 1 in On this basis methane
should decompose 6 times as rapidly,, in reasonable agreement with the rough 
experimental estimates for
In assessing the validity of this analysis,, it is important to 
bear in mind the limitation of the dynamical model. One of the basic 
notions is the absence of energy transfer between the normal modes. For the
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low lying vibrational levels involved in processes at low temperatures such 
as 700 K corrections for anharmonicity are small, and this scheme of inter­
actions appears reasonable» This situation is quite different from that 
encountered in reactions in the gas phase, for which the dynamical model 
was first developed» There barriers are typically several eV high, and 
reaction occurs from high levels for which thermalization must be more 
important» The fact that Slater’s model does not appear to adequately describe 
gas phase reactions therefore need not imply any problems with this approach 
at much lower temperatures»
In the other extreme of very low temperatures we can also expect
difficulties with the dynamical formulation» Even under these conditions
equation (34) predicts reaction, arising from the appropriately phased zero
point vibrations of the molecule» As has been pointed out both by Nikitin73 
36and by Flynn, reaction at such low temperatures would have to occur by 
tunnelling through the barrier. Under these circumstances, the shape of the 
barrier enters, dictating the transmission coefficient» In Slater!s theory 
it is assumed that transitions occur between similar harmonic oscillators, 
that is, that the potential of the reacting system is made up of intersecting 
harmonic curves» In a system in which transitions do not occur between 
symmetrical wells, tunneling will make a smaller contribution to the rate 
than in equation (34), That is, for a real system in which tunnelling 
effects are much smaller, the ratio of the rates for light and heavy isotopes 
can be expected to be smaller than predicted a la Slater» Even a significant 
correction would not alter the qualitative prediction that the rate of 
decomposition of methane should be of a different order of magnitude than
that of deuteromethane. It therefore appears that a model in which the 
stretching of the distance between H atoms beyond a critical distance is 
invoked as the limiting step accounts for all our observations»
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Conclus ions
Our experimental measurements have shown directly that thermal
excitation of methane gas is sufficient for it to undergo molecular dis­
sociation at a cool rhodium surface» in the further elucidation of this
effect, comparison of the dissociation rate of CH. with that of CD, is vital»4 4
The analysis in the preceding sections leads us to the conclusion that there 
is only one model capable of accounting for the large differences in 
reactivity of CH^ and CD^i The critical step in dissociation at the surface 
is the excitation of molecular vibrations, leading to an elongation of the 
distance between H or D atoms beyond a critical value of 2„73A.
Slater's dynamical theory of reaction rates ; transition rate theory fails 
to account for the important isotope effects observed» it is important to note 
that the latter failure does not stem either from the admittedly low accuracy 
of our barrier values, or the assumptions made in analyzing the experimental 
rates» For the latter we have assumed that only the rate of the actual 
dissociation step at the surface k^will vary significantly with the tem­
perature of the beam» If this is not valid, then
Two points are worth emphasizing» Our conclusion is based on
a(l/kTG) 'iEC + 3(l/kIGy • (75)
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The sticking coefficient is expected to decrease with T 9 if it does anything 
at all; kg would tend to increase» The second term on the right hand side 
of equation (75) is therefore either negligible or positive » If this term is 
not negligible3 as assumed previouslys then our values of the barrier are 
actually underestimates of the barrier to conversione However, the actual 
value of the barrier does not enter in calculating the ratio of the decompo­
sition rate of CH^ to CD^ using transition state theory» Neither experimental 
error nor limiting the. temperature dependence to k will affect this»
c
The second point that must be stressed is that our conclusion that
vibrational excitation is important fits nicely into the overall reaction
scheme» We have assumed that molecules from the gas strike the surfaces are
accommodated translat'ionally, but that dissociation may still occur from
vibraiionally excited molecules» Although there is no direct information
available on thermalization of the vibrational modes of methane at a surfaceg
studies have been made of vibrational excitation in the gas p h a s e A t  
4least 10 collisions between methane molecules are required for the deacti­
vation of the mode» Even the nearly resonant equilibration of v ^  and 
modes takes 100 CH^-CH^ collisions» Much lower efficiencies should hold on 
a crystal^ allowing quite a number of opportunities for dissociation of CH^ 
in higher vibrational states at the surface»
If our views are correct,, and the stretching of the H»H distance 
in methane is a prerequisite to dissociation at a surface, they would have 
interesting consequences» They would imply that fairly selective excitation 
of molecules leading to dissociation on a solid would be possible,, by 
illumination with radiation corresponding to appropriate vibrational 
frequencies »
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APPENDIX
Five computer programs comprise this Appendix/ On pages 109 to 112 
is program FNVCC» This is used to determine the slope and intercept of the 
Fowler-Nordheim plot, described in chapter III,, from the voltage-current 
characteristics measured in field emission» The program subsequently calcu­
lates the work function change relative to that of the clean surface and the 
voltage for a constant current»
Program MAXCAP, on pages 113 and 114, calculates, from the theory 
outlined in chapter III, the molecular beam intensity at seven centimeters 
distance for any source specification and temperature» The resulting inten­
sity vs pressure curves from MAXCAP for the sources used in our experiments 
are used in XPOSUR (for the multichannel source) and XPOSUC (for the 
capillary source). These programs, on pages 115 and 116, calculate the total 
exposure of the crystal surface to the gas beam from the pressure vs time data»
VlB4, the final program, on page 117, calculates from the spectro­
scopic data the amplitudes of the vibrational motion in CH» and CD., or any 
tetrahedral molecule whose force constants and harmonic frequencies are known
and entered»
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COMMON A (2088) , V C 2 0 0 0 } , X c 2 0 0 0 ) , Y (8800) ,F N (58) ,P (5 8 ) ,w (50) ,0(50) , 
1C (50),FM(50),8 (50),FC383 ,H(50),S(50),U(S8 ) ,R(58),Q(58) ,FK(50) ,
2FJ (50),QR(50),V C C (100),EJ(58),FI(50),FE(58),G(50)
M X * 0 
KX*0,
K *0
M*0
J * 0
x (0) sia 
Y (0 ) »0
2«0 READ 1027, Xm ,YM
1027 FORMAT (2El0f4)
IF CXM-fet 75) 24*5,240,240 
245 READ 1027,XM,YM
250 READ 1027, XMN,YMN
IF [XMN/XM*, 1)255,250,250 
255 REAO 1027 ,XMN,YMN
C
c full scale values ano zero offsets of current and voltage 
c
680 OU 808 1 * 1 , 2 0 0 0
READ 1027,x m  ,Y(I)
IF (X(I)-6f75) 700,700,690 
690 FM(J+ 1 )s k -KX
IF (FM(J+1)*#5)800,880,692 
692 J*J+1
K X * K
IF (Xtn-8,25) 800,800,695 
695 N*J
GO TO 810
700 IF (ABS((X(J)»X(I-i))/XM)*,0l) 710,800,800
710 IF (AB3((Y(I)-Y(I-1))'/VM)«*„01) 715,800,800
715 IF C X C D / X H  -, 1 ) 880,800,720
7ao K *K 1
X (K)r(x CI)-XMN)/ CXM-XMN)
YCK)=(YCI3*YMN)/CyM-VMN)
800 CONTINUE
81,0 READ 1000, E
IF (E-6 ,753838,810 , 8 1 0
1000 FORMAT (E 10 ,4)
C
C E IS CLEAN SURFACE WORK FUNCTION
C
830 read 1001,(qci),fn(i),ccn,dr(I3,i = i,n)
1001 f o r m a t  (E7#2/FlSt5/F15,5/F15,5)
C
C F * S , CURRENT,VOLTAGE OFFSET,VOLT SCALE,DIVIDER RATIO FOR EACH RUN
C
W I *E
PRINT 1002
1002 f o r m a t  (45h f u w l e k - n o r d h e i m
115 H a  N A L Y S 1 S/3
READ 1007,M 
1007 FORMAT (133 
READ 1807,10 
L*0 *
S ( i 3 * n  
DO 2008 K s 1,N 
IF (K-M) 283,285,285 
283 IP» 1
GO TO 290
/
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285 IP* 2
IP (K«IQ) 290,290,288 
288 IP= 1
290 IF (IP-2) 350,300,300 
300 PRINT 1 0 08, K
1008 FORMAT U 2 H  PLOT NUMBER 13/)
C
C LEAST SuUARES ANALYSIS
C
330 U(K)s0 .
*7*0,
T?*0 .
U7=0,0 7=0,
1 1 = L + 1
IF M = F M ( K )
12 S L * IF M
00 1140 I «11,12
A U ) = Q C « ) * X U )
V(I)* 0 R(K)* (Y(I)*C( K ) ♦ F N £ K ))
U(K) sUCK) tV C U  
R7=H7+lf/V(l) 
t ?= t 7+a l ü g  (a e n /V m  **2)
U7=U7+AL0G(A(1)/V(I)**2)/V(I)
W7=w7+l,/v£l)**2 
1140 CONTINUE 
C
C AVERAGE Of V=UCk )/M£K),ETC,
c
B CK) = C(R7/FM (K))* CT7/FM( K ) CU7/FMCK)) )/((R7/FM CK))**2- 
1 W7/FM (K))
F(K) = (T7*»8£k )*R7)/FM(K)
IF 1 1 P- 2 ) 1300,1220, 1 2 2 0  
1220 PRINT 1 0 1 0 ,B(K),F(K)
1010 FORMAT (15X,bHSL0PE = F 1 1 ,3,3 X ,12HI n TERCEPT = F9,3/)
PRIn T 1011
1011 FORMAT C4X,7h CURR£n T,8X,7HV0LTAGE,4x ,10HLOG C/V**2, 
lfcX,3Hl/V, HX,5MDELTA/)
1300 ü (K)s0 
13*L +1 
IEMs Fm (K)
I4SL + IF M
00 1410 J = 13,14
1410 OtK)BOCK3+CALOG(A(J)/v(J)**2)*(FCK)+B(K)/VCJ))3**2
S i =W7-N7**¿/Fi,jI(K)
1 Vl = IFh-2 
Visivi
fcjU) =S«RT Cd £k ) / ( ( F M ( K W t) ASI) )
FICK)=SURT(D(k )*(1#+R7#*2/(FM(K)a S 1))/CFM(K)*(FM(K)*2,))) 
1420 ÏE í IP-2) 1480,1430, 1430 
1430 00 1480 J = 13,14
U 4 0  fcXPl s a LPG CA t J)/V ( J) **2) 
fcXP2=l ,/V (JJ
£ XP3s eALOG Ca (J )/V(J)**2)*F £K)»B£K)/VCJ)3 
PRINT 1012,A tJ),V (J),EXP1,EXP2,EXP3
1012 FORMAT (E15,b,P9.1, 6 X ,F 10,4,2E15,5)
1460 CONTINUE
1480 IP ( 1P-2) 1540,1500,1500 
1500 EXP4=SüRT(0(K)/CFMCK)«2t))
PRINT 1013, EXP4
1013 FORMAT C15X,30HSTANOARD ERROR OF LOG C/V**2 =E15#5)
I l l
PRINT 1031,EJ(K),FI(K)
1031 FORMAT (2 2 H STANDARD DEV SLOPE s ,F 9 .S, l0X, 1 2HINTEHCEPT * ,F7,5) 
1540 XFMsFM(K)
L s L+IFM
c
C EVALUATION OF H(KjsF/v AND UF ELLIPTIC F tS(*3
C
G l « 0 ,
ÏF C*-2) 1590,158kl, 1560
1580 S ( K j sS ( K». i )
1590 Z = 0 ,
Cls,6631 
02*3,795 
H 1 = 0 f
1635 IF (K-ai 1660,1640,1640
1640 W(K) = cctt(«)*S(n)/CBCi)*S(Kn)**£2./3,3 
R I = t * w i k J
1660 H(K)s«Cl*S9RT CWI**3)*S(K)/BCK)
IF (A8Sl(H(K)-Hn/H(K) 3-,0001) 1820,1820,1700 
1700 H 1 s H C K )
Z=C2*SURÎ (H (K) * (U(K)/FM(K)))/Wl
S(Kl *1,00003,, (3,52648E*43*Z^(, 1686783 *Z**2+(2*20747E-23 
1 * l * * 3 
G 1 =G 1 ♦ 1 ,
IF IG1 M  1 .) 1635,1820,1820
C
C EVALUATION o f e l l i p t i c  f u n c t i o n  T ( K 3
c
1820 Tl*l .36046E-2
FK (K)*B (K)*FM(K)/U(K)
FK3=9f29748E-3 
FK4=2,00297E-6
F J (*)=26,924+1.233B9*FK(K)+FK3*FK CK)**2 + 2.13772E-4 
i*FK(K)**3+FK4*FK(K)**4
R(K)s lftl6*((U(K,)/FM(K))**23*(EXP(F(K)+8(K)*FM(K)
1/UCK)3)/EXP(FJ(K))
W(K)s((6cK)*S(n)/CBCl3*S(K33) a *£2,/3.)
2000 CONTIn u t
PRINT 1014
1014 F0Rm aT C//30X,13HS ü M m A R Y//9h PLOT NO,7X,5HSL0PE,
Il0 X,9HINTERCEPT,6X,12h STAND, ERROR,3 X ,11HSLPPE RATIO)
DO 2120 k  s  1 , n
E xPS s SQRTCOCK)/ (FM(R)-a,))
EXP6 s(BtK)/8 tl))
2120 PRINT 1015, K,B(K),F(K),EXP5,EXP6
1015 FORMAT (13,7X,Fl5.3,Fl5,4,E15,5,Fl5t5/)
PRINT 1016, K (n
1016 FORMAT C/15x ,21HAREA OF NO,l IN A**2sE15,5/)
PRINT 101/
1017 FORMAT (9H PLOT NQ,7X,6HAREA R, 9X,
112HSLOPE K**2 /3 ,3 X,8 M m RATIO,6X,13HSTD DEV W RAT)
DO ¿260 K = 1,N
EXPësR (K)/ R (1 j
EXP9»tBCK)/B(U)**t2,/3,)
EXP10*-EJ (Kj *,667/B(K)
2260 PRINT 1018, K,EXP8,EXP9,W (K),EXP10
1018 FORMAT (13,7X,4F 15,5/)
2300 C V s F N ( n * D R ( l ) / 1 0 0 0 #
PRINT 1025,CV
1025 FORMAT (/9H PLOT NO,,iiX,4HS(K3, 7 X ,13HAVERAGE FIELD,
12X,»h h (K)s F/V,4X,SMC AT , F6,3,3M KV)
UU ¿340 K s l |M
fc X P 1 P * H ( K ) *u(K)/FM (K )
CCV«(CV*1#W0.)**2*EXP((B(K)/ (CV*1000.)5+F (K))
PRINT 102b,K,S(K),EXPltfiH(K), CCV 
102b FORMAT CI3#7X,fl5.6,Fl5t5,£15B5,Elb#^/)
8340 CONTINUE 
8400 PRINT 1 0 2 1
1081 FORMAT C//23X,20HD A T A I N P U T// 
ltbH UAT£ OF EXPTS--/)
0 * 0
00 25b0 K i 1 ,n 
PRINT 1082, K
1022 FORMAT(/12H PLOT NUMBER 13)
PRINT l«23,FM(K),FNCK),C(n ) , Q tK),u RCR)
1023 FORMAT t/ l9H NUMBER OF POINTS *F4,0 ,b X ,8H0FFSET =F9,b#SX,
1 1 2 HV0LT SCALE *FS,2 //,2 2 H CURRENT MULTIPLIER = E / ,2,b X ,8HDIV lotR 
2 7 H R A TI 0 *F6t0//,10H POINT NO,,6X,7HCURRENT,8 X,4HVULT/)
M s 0
ISsL+ 1
IFhsFMIN)
i m l  + i f m
00 2 SS0 J = IS , I S
M = M+ 1
2SS0 PRINT 1024, m , X(J),Y(J)
1024 f o r m a t  (I5,2E15tS)
25bO L * L + 1F M
END
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DIMENSION FC101) »VlNTC.l«n»SU01)
PRINT 110
5 Rfe.AU 1 li 1 ( a > x L , D , T
C A CAPILLARY RADIUS, XL LENGTH, 0 DISTANCE SOURCE TO TARGET,
C T TEMPERATURE (LENGTHS IN CM)
1 0 1 FORMATCf10,5)
6 READ 1 0 ,N,P
C N NUMBER CONCENTRIC RINGS OF CAPILLARIES, p PRESSURE (MICRONS)
X N N s N
1 0 FORMAT (I4/F10.5)
TENS1 =0,
TENS2=Df 
DU ¿00 1= 1 ,N 
Xlsl-1 
X *X 1 *A*2,34 
TMs a TAN(X/D)
YP=XL*Th/(g,*A)
IF (XI-.5)70,80 , 6 0  
70 Xjs.1592
60 IF (Y P- 1„) 90,95,95
C TENSl IS INTENSITY IN FREE MOLECULAR FLOW APPROXIMATION
90 TENSl«TENSl+fe#aa3*XI*8#i>Seia*A**2*P*C0SCTH)* (l , - ( , 6  36-
1 ,764*A/XL)* (YP-,0825*YP**3-,05*YP**5)) /((X**2+Q**2)*SQRT(T))
GD TO 100
95 TENSisTENSl+6,283*XI*1, l5E19*A**3*P*CQ$(TH)*
1 (1,2*A/XL+£,424-,S08*A/XL)/YP)/ ((X**2+D**2) *XL*SQRT£T) )
100 CONTINUE
135 XK a 12.3*A*SQRT (CaS(TH)*P)/(SINCTH)*SQRT(XL.*T))
IF (XK-lt) 140,140,150 
140 ZlNTst353*XK-fl33*XK**3+t07bl*XK**5
GU TO 195
150 DO 190 J s i ,  1 0 1
XJ=J
U=XK*CXJ-1#)/10M,
IF ( U - 2 • ) 16 0 , 1 6 0 , 1 6 0  
160 DO 170 M s l , 1 0 1  
X M s  M
170 F ( M ) s t X P (-!,*( ( (XM^U) *O/100.)**2) )
CALL TRAP (F,U/ 1 0 0 ,,101,YINT(J))
190 CONTINUE 
GO TO 192
160 IF(XJ-2,5)194,191,191
191 DO 185 M sjfl0 !
Ift5 YINT(M)s.6 6b
GO TO 192
194 Zl NTs.696 
GO TO 195
192 uu 193 Ms 1,101 
X Msh
193 G (M)sSQRT(i.-( (XM-1 ,)*.01)**2)*YINT (M)
CALL TRAP (G,,01,101,ZINT)
C TENS2 IS INTENSITY IN VISCOUS FLOW APPROXIMATION (MOt/CM**2/SEC)
195 TEN32=TENS2+6.2B3*XI*0,91tl8*A**2*SWRT(P*CQS(TN)**3/XL)*Z1NT
1 / (x**2 +p**2 )
200 CONTINUE
C XN IS TOTAL GAS THROUGHPUT
XN=4f08E20*A**3*P*XNN**2/(XL*SQRT(T))
1 1 0  FORMAT(2X,6HDISTANCE,2X,6HPRES$URE,IX,9HKNUD TENS,
12X,6HVIS TENS,3X,7HTHRUPUT, 4 X , 6 H P BACK)
PRINT 120,0,P,TENS!,TENS2,XN
LT 
j;:
là a. Fukma i (2Fidf b,3ei<a,3)
h t A t ) i 3 0 , n
1 3 0 fUHMAT u n
IF ( * -3/2)5 ,5 ,6
fcNIJ
SutjkDUTlNE. TRAPIF 1, H, IN, AREA) 
DlrtfcNSlUN F I ( 10 l )
1 AREAscFI cn+FI (IN) ) / ? p
2 ITs In.ì
3 DO S Js2, IT, 1 
AkfcA = ARtA + Fl (!)
CONIiNUt
6 AK£a = AR[£A*H
? R t T U K N
6 fcNU
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c intensity unconnected tor source temp (always assumed bs&s kj
C OR FUR CONDUCTANCE LOSSES, PRESSURES CORRECTED FOR THERMAL
C TRANSPIRATION, n o r m a l  m e t h a n e  o n l y ,
DIMENSION TENS(1000)
PRINT 100
1 0 0 FORMAT (lx,3HKUN,6X,UHSOURCE TtMP,5X,8HEXP0SURE/12X,
15h QEG K , flx , SMMLiL/CM**^//)
READ 120, C k m a X ,CKMIN
C CHART RECORDER READING FOR P IRAN I FULL SCALE AND ZERO
1^0 FORMAT (Ft 0,5)
00 360 1*1,10 
READ 120,T , H
C h is TIME INCREMENT HET w EEN PRESSURE READINGS, T IN CENTIGRADE
TsT+273.
oo jaa j = i , 1 0 0 0
READ 120,CR
IF (CW-9,9) 160,350,350 
C CRsl0 , INDICATES END OF RON
160 RMs (CR-CRMINJ/ (CRMAX-CRMlN)
IF (RM- ,551 200,180,180 
180 PG*,074*RM.f 015
GO TD 220 
200 PG*,0474*KM
220 PsABS 11,BE3*PG*SQRT(T)/17.3)
IF (P-61,5)240,230,230 
230 TENS(J)=(4,lb*P+l70,)*l,0E12
GO TO 340
240 IF CP-21,) 260,250,250
250 TENS (J)s(6,00*P + 57,5)*1,0£l2
GO TO 340
260 Te n s  (J)=P*8,73E12
34 0 CONTIN U E
350 CALL TRAP(TEn S,H,J"1,XP)
PRINT 360, I,T,XP 
360 FORMAT CX3,9X,F5,1,615,3)
IF (CR-99 , ) 3 8 0 ,4 t/i 0 ,4 0 0 
380 CONTINUE
400 CONTINUE
E N D
SUBROUTINE TRAP (F,A,IN,AREA)
DIMENSION F (1000)
1 ARE a = ( F (1)+F(IN))72,
2 IT=IN - 1
3 00 5 1=2,IT
a ARE a * a r E a + F ( I )
5 CONTINUE
6 AREa s a REA* A
7 RETURN 
E n d
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c
c
c
100
c
120
c
c
1 6 0
180
200220
230
240
340
350
360
380400
12
3
4
5
6
1
INTENSITY CORRECTED FOR SOURCE TEMP (ACTUALLY NOT A FNCTN OF T) 
AND THERMAL TRANSPIRATION, NORMAL METHANE ÛNl Y , NQ CONDUCTANCE 
CORRECTIONS '
d i m e n s i o n  Te n s (1 0 0 0 ) 
p r i n t  too
FORMAT U x ,3h KUN,5X, U H S O U R C E  TEMP, 5 X , «HEXPOSURE/12x »
15HQE& K,fix,9HM0L/CM**a//)
PEAU 120, CRMAX,CRM IN
c h a r t  r e c o r d e r  r e a d i n g  f o r  p i r a n i  f u l l  s c a l e  a n d  z e r o
FORMAT C F 1015)
DO 380 1=1,10 
READ 120,T,H
TsTt 2 /3 HE lNCKtMENT Hf*:TW£tN p r e s s u r e  r e a d i n g s , r in c e n t i g r a d e
DO 340 J-l,1000 
READ 120,CR
IF (CR-9,9) 160,350,350 
CR=10, INDICATES END of r u n 
RM= (CR-CRMIN)/ (CRMAX-CRMIN)
IF (RM-, 55) 200,180,180 
PG*,0?4*Rm - #0I5 
GO TO 220 
PGs,0474*RM
PsAHS ( l ,0E3*PG*SQRT t n / 1 7 ,3]
IE tP-2 ,0 ) 230,230,240 
TENS (J j =P*4,42E14/SQRT (T)
GO TO 340
TEN3(J)=,248El4-i>P*t517Ei3-ï,882En*P**2+„954E9*P**3-,396E7*P**4
CONTINUE
CALL TRAP(TtNS,H,J-i,xP)
PRINT 360, I,T ,XP 
FORMAT CI3,9X,E5.1,E13,3)
IF (CR-99,) 380,400,400
CONTINUE
CONTINUE
END
SUBROUTINE TR aP (F,A,IN,AREA)
DIMENSION F (1 0 0 0 )
AREAS CF Cl)+f CIN))/2,
ITsIN - 1
DO 5 1=2, IT
AREAs a RE a +F (IT
CONTINUE
ARE a s a R£A*A
RETURN
END
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K h A U i 0 0 , N
1 0 0 F o r m a t  c i 3)
Nfc.AU 110,*1,02*03,W4 
110 FORMAT ( F 1 0 , S )
C Tnt W * s ARE THE NORMAL FREQUENCIES
READ 120,XMX,XMY 
120 FORMAT (F 10,5)
C MASSES OF ATOMS OF THE XY4 MOLECULE
WfcAU 120, F 3,F 3a,F«
C ELEMENTS OF THE FORCE ÇUNSTA n T MATRIX
PRINT 2 0 0
2 0 0 FORMAT(12X,4ÔhM£AN SQUARE AMPLITUDES FOR TETRAHEÜRAL MOLECULES) 
PRINT 205,XMX,XMY
205 FORMAT CSX,4MMXS ,F4,0,5X,4HMY= , F 4.0 / )
PRINT 206,01,w2,fc3,W4,F3,F34,F4
206 FORMAT CSX,4HW1* ,F 5.0,4X,4HW2* ,F 5 ,0,4X,«H*3 = , F 8 .0 ,
1 à X, a Him <4= , F S , 0 / S X , 4 h F 3 « , F S , 3, a X , SNF 34 S ,F5,3,4X, 4HF4* ,F5,3//)
PRINT 210
210 F o r m a i (5h t e m p ,3x,7HSX6MA 1 » 2 X ,7 H SIG M A 2,2X,7HSIGHA 3, 
12X,7HSIGMA 4,2X,8H$ÏGMA 34,2X ,3HY-Y,6 X ,3HX-Y/)
DU 300 I M  , N 
READ 120,T
C TEMPERATURE, OF COURSE
5 1 M  , 05 4 5£ + 3 / ( X M Y * l , 6 7 3 * 4 , * 3,1415 9 * 2,9 9 8 * N l *
1 1ANH (6,626*2f998*03/C2,*13,81*T)))
52 = 3.* 1 , 0545E3/( XMY * 1,67*4,*3.14159*2.998*W2*
1 îAnH (6,626*2,998**2/(2,*13,81*T)î)
03=1,0545E3/(4,*3,14159*2,998*W3*1 TAnh 16,626*2,998*03/(2,*13,81*T)))
04 = 1,0545fc3/C4.*3,14159*2,998*wa*
1 TANH{6,6 2 6 *2 ,998*0 a/(2,*l3,81*T)))
E3s ,5*6,626*2.998ë-6*w 3/TANH C6,626*2.998*w3/(2.* 13,81 * T))
E« = , 5*6,626*?,998E-6**4/îANH (6,626*2,998**4/(2,* 13,81 * T))
A = 6 , * (1)34-04)
b = SUR T (36, * (034-04) **2-16,* (4#/XMX + 3,/XMY) / (4,/XMX+l ,/XMY) *
1 XMY*(8,/XMX4-3./XMY3*Ï)3*04)
C = 2,* (4,/XMX+3,/XMY) / (4,/XMX+l ,/XMY)*XMY*1.673
SüA=CA+B)/C
S4B=(A-b)/C
S3As2,*u3*ü4*(4,/x m x + 1,/XMY)*(1, / X M Y ) / (S4A*(l,673)**2)
S3B = 2.*03*D9*(4,/XMX4-1 ,/XtiY) * (1 ,/XMY)/ (S46* (1.673) **2)
5 34=(Ë3+E4-F3*S3A-Fa*S4A)/(2,*F34)
YYA = 2,*Sl/3,+ 82/9,4-2,* S 3A/3,4-S4a/6,4-2,*S34/3, 
XYA=Sl/4.+3,*S3A/a,
PRINT 22B,T,SI,S2,S 3A,S4 A,S34,YYA,XYA 
220 FORMAT(F6,0,7F9,5}
3 0 0 c o n t i n u e
En d
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